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CHAPTER I 
INTRODUCTION 
Olivine melilitites, defined here as larnite-normative rocks with 
modal olivine and melilite, are the most highly undersaturated basaltic 
compositions known on the earth's surface. Mg-values> 65 and the common 
occurrence of included ultramafic nodules of high pressure origin make 
many of them possible candidates for primary magmas from a lherzolite upper 
mantle (Mg-value~ 88-90). However, no rigorous experimental test for a 
primary origin or , in general any origin of olivine melilitites exists 
so far . If olivine melilitite is a primary magma, then it was in equilib-
rium at the depth of magma segregation with a four-phase mantle mineralogy, 
since abundances of K 20, P2o5 and REE suggest low degrees of partial 
melting . In addition, the relative abundances of the rare earth elements 
are strongly LREE-enriched and HREE-depleted and imply an origin in which 
residual garnet was an important phase. It should therefore be possible 
to find experimental conditions (p, T, x 0 ... ) where the four phases H2 
olivine, orthopyroxene, clinopyroxene and garnet occur n ear the liquidus 
of olivine melilitites . However, the highly undersaturated natur e makes 
it difficult to envisage the partial melting mechanism responsible for the 
generation of olivine melilitites, since the major silicates of mantle 
lherzolite are all less silica-undersaturated than the olivine melilitites. 
Thus, this study was intended to investigate near-liquidus phase 
relationships of one selected olivine melilitite as a function of p, T, 
xH20 , xC02 
and f
02
. Experimentation with CO 2 was suggested by several 
lines of natural and experimental evidence. So little was known about the 
role of CO 2 in silicate melts, that the study of its solubility and solubility 
mechanism(s) became a major part of the project. 
Chapter II describes most of the known occurrences of olivine 
melilitites of the world and compares their major element chemistry . It is 
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found that there are significant, but systematic differences between 
olivine melilitites from different geological settings. They should be 
explained in any general model on the origin of olivine melilitites. These 
systematic differences extend into kimberlite compositions and it may be 
possible to extrapolate the understanding of the origin of olivine 
melilitites to deduce a model for the origin of kimberlites. 
From the compilation of olivine melilitite and kimbetlite analyses, 
one composition, an olivine melilitite from Tasmania was selected for the 
detailed study. Preliminary experiments with H20 and with H20 + a carbon 
species described in Chapter III show the need to evaluate first the influ-
ence of CO2 alone in silicate melts. Chapter IV deals with the solubility 
of CO2 as a function of pressure, temperature, xH O and composition of the 2 
melt and the problem of the solubility mechanism(s) of CO2. Chapter V 
offers a specific model for the origin of olivine melilitite 2927 which is 
expanded to encompass other, more undersaturated melilitites in Chapter VI. 
The mode of occurrence of CO2 in the upper mantle is discussed in Chapter 
VII with further implications for the origin of olivine melilitites and a 
model for kirnberlites. An appendix describes the current situation in a 
project to compare two analytical methods to analyse CO2 quantitatively. 
This project resulted from inconsistencies in data obtained on my own work 
and work at the Geophysical Laboratory, Washington. 
CHAPTER II 
COMPOSITIONS AND MINERAL CHEMISTRY OF OLIVINE MELILITITES AND 
RELATIONSHIPS TO OLIVINE NEPHELINITES , KIMBERLITES AND CARBONATITES 
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1. Introduction 
Olivine melilitites of possible direct mantle origin (as defined 
in Chapter I) occur on continents and oceanic islands, but are · absent in 
island arcs except for the occurrence on the Solomon Islands (Allen and 
Deans, 1965) . Olivine melilitites often occur as widely scattered but 
roughly contemporaneous eruptions within provinces containing olivine 
nephelinites, basanites (e.g., Hawaiian Islands) and, in some cases, also 
with alkali olivine basalts and tholeiites in continental occurrences, 
e . g . , Rhinegraben and Tasmania. There is a general tendency however that 
within the latter areas, olivine melilitites, olivine nephelinites, etc. 
are spatially separated. 
The major element chemistry of olivine melilitites from different 
areas show distinct, but systematic differences, apparently related to 
their geographic and geological position. As implied by their classification 
as a distinctive basalt type, there are also features common to all 
occurrences . These differences and similarities are illustrated by use 
of oxide ratio vs. Mg-value (=Mg/Mg+ Fe 2+) diagrams. For the sake of 
comparison, FeO was adjusted so that Fe 2o3 /Fe0 = .15. Mg-value is a con-
ventional differentiation index, yet also an indicator for possible 
primary magma compositions . It is emphasized that in the following dis-
cussion, Mg-value is not regarded solely as a differentiation index, even 
if there are apparent linear trends. It is mainly a convenient tool for 
comparison of rocks from different areas. Olivine removal certainly played 
a role within these rocks in individual areas, but the character of olivine 
melilitites is such that even within each a r ea , every volcanoe or volcanic 
complex should be regarded as individual. 
Olivine melilitites were grouped according to their occurrence 
on oceanic islands (us ed here as a geographic term) or on regions of 
continental crust. Such a division does not quite coincide with groups 
of similar major element chemistry so that olivine melilitites are sub-
sequently summarised with respect to their chemistry. 
2. Oceanic Islands 
Larnite-normative basaltic rocks have been described from 6 
islands or island groups, but ultramafic nodules of high pressure origin 
occurring within these rocks are reported from only 2 of them (Hawaiian 
Islands and Gran Canaria). 
a) Hawaiian Islands. 
After the main shield building stage, volcanic activity was 
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renewed on several Hawaiian islands with the eruption of very undersaturated 
basaltic magmas . This "posterosional series" comprises basanites, 
olivine nephelinites and olivine melilitites on Kauai (Koloa volcanic 
. ) -/( 
series . The eruptions produced small explosive vents giving rise to 
tuffs, spatter cones and lava flows. Many eruptive centres contain 
ultramafic nodules of high pressure origin (e.g., Jackson and Wright, 
1970) and are thus likely candidates for primary compositions . The three 
main rock types of the Honolulu series fall into three chemically dis-
tinguishable groups which overlap slightly (Jackson and Wright, 1970) so 
that some nephelinites are larnite-normative, but do not contain any modal 
melilit . The most extensive description of olivine melilitites (= 
larnite-normative with modal melilite) are available from Oahu (Winchell, 
1947; Jackson and Wright, 1970; Hay and Iijima , 1968). Analyses from 
these sources and two more analyses from Oahu (Table 1) were used in 
further discussions and are plotted in Fig . 1. 
Hawaiian olivine melilitites exhibit a wide range of adjusted 
Mg-values from 57-70 but are clustered more closely in the 65-69 range 
(Fig . 1) . Rocks with such compositions are generally those containing 
ultramafic nodules. Al203/ Ti02 decreases slightly with decreasing Mg-
value and so does CaO/Na20 and Na20/K20 . Ca0/Al 203 is remarkably constant 
whereas CaO/MgO increases slightly with decreasing Mg-value. Si02 generally 
* and Oahu (Honolulu volcanic series) . 
TABLE l: 
3 Rock No . 2830 
Si02 38. 99 
Ti02 2.14 
Al203 11.75 
Fe20 3 9 . 36 
FeO 4.42 
MnO . 24 
MgO 12.46 
CaO 12.70 
Na20 6.06 
K20 1.37 
P20s 1.12 
H20+ .13 
3 Rock No . 2829 
Si02 35.70 
Ti02 2.44 
Al203 10.61 
Fe20 3 6.54 
FeO 10.09 
MnO .24 
MgO 11.83 
CaO 12.73 
Na20 6.14 
K20 1.76 
P20s 1.05 
H20 + 1.40 
1 = Cr203 
Bulk Rock and Mineral Analyses of Hawaiian Melilitites 
Clinopryoxene 
phenocr. grdrn. 
43 . 9 50 .7 50.2 
3 . 3 2.1 1.6 
9 . 3 7.2 3.8 
. 5 l . 2 1 . 2 1 
7 . 2 2 6 . 4 2 6 . 3 2 
-
-
-
11 . 5 12.8 13.7 
24 . 0 19.7 23.8 
. 3 .8 . 4 
.1 . 1 
53 .1 53.5 
1.2 1 . 0 
. 7 .2 
. 2 1 . 2 1 
6.12 6.1 2 
- -
14.4 14.6 
23 . 5 24 .0 
.8 . 3 
- -
2 = all Fe as FeO 
Neph. 
43.l 
33.6 
1.0 2 
1.3 
15.6 
5.3 
41.6 
-
33.2 
-
1.2 2 
-
-
-
16.1 
7.7 
3 = analysis by 
T i-rnagn. 
14.8 
2.7 
1.1 1 
76.5 2 
. 9 
3.9 
• 2 
-
19.2 
1.1 
1. 5 1 
73.92 
.8 
3.6 
-
-
-
Mel. 
rare 
44.0 
6.3 
. 3 l 
4.8 2 
7.2 
33.2 
4.1 
.1 
XRF, FeO and Fe 2o3 by photospectrornetry . 
Sod . 
39.4 
31.9 
-
1.1 2 
25.6 
.4 
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decreases with decreasing MgO and so does the Mg-value. Some of the 
chemical variation is consistent with removal or addition of ferromagnesian 
crystals, mainly olivine, but olivine control will not vary ratios such 
as Al 2 0 3 /Ti0 2 , Ca0/Na 20, etc. As pointed out in the introduction to this 
chapter , olivine melilitite volcanoes have to be regarded as individual 
units and low pressure crystal fraction~tion is very limited. I therefore 
suggest that any composition falling in the range of Mg-value between 
65-69 can be a primary composition. Compositions falling outside this 
range are modified by removal or addition of olivine. 
Olivine nephelinites exhibit a similar range in Mg-values, but 
are less undersaturated and richer in Si0 2 than olivine melilitites. 
An extensive petrographic description of the Honolulu series 
is given by Winchell(l947). Olivine melilitites contain abundant euhedral 
to s ubhedral olivine phenocrysts, rare Ti-augite phenocrysts and rare 
melilite microphenocrysts. The fine- to coarse-grained groundrnass consists 
mainly of clinopyroxene, nepheline, melilite, titanornagnetite and apatite. 
Hauyne is reported from the Sugar Loaf flow and a socialite containing Cl 
(a large Cl peak appeared in a X-ray spectrum of this mineral on a TPD 
microprobe) was analysed in a sample from this flow (Table 1). Most lava 
flows contain schlieren with zeolites, analcime, nepheline, apatite and 
perovskite. 
Samples from the Nuuana lava flow (no. 2830 at Pali Highway, near 
Wyllie Street, Honolulu) and the Sugar Loaf flow (no. 2829 from the 
Moiliili quarry) were available to me for analysis. 2830 contains slightly 
iddingsised euhedral olivine (forsterite 87-79, see Fig. 2) and rare Ti-
augite phenocrysts (Table 1) and very rare, somewhat altered, tabular 
melilite phenocrysts in a fine-grained groundmass of mainly clinopyroxene 
(Ti-augite to Si-rich and Ti- and Al-poor clinopyroxenes), nepheline, 
titanomagnetite and apatite. Forsterite content of olivines in 2829 varies 
only from 81-82 (Fig. 2). Olivine and rarer clinopyroxene (Si-rich and 
Fo 
90 
85 
80 
0 Hawaii 2830 
• II 2829 
T Gran Canario 
0 Hegau 
60 
10 
D--{] 
70 
S-AFRICA 
6. ROB 2 
A II 6 
0 SUT 7 
• II 2 
D SPIEG 1 
• II 7 
80 
Mg/Mg+ Fe2 + 
Fig . 2 : Forsterite content in olivines of olivine rnelilitites 
from different localities 
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very poor in Al - see Table 1) are set in a coarse-grained groundmass 
of nepheline CK-richer than 2830), melilite, apatite, titanomagnetite and 
sodalite . 
b) Fernando de Noronha and Trindade 
Larnite-normative rocks are reported from Fernando de Noronha 
(Barley, 1974, anal. 10, page 321) and Trindade (Barley, 1974, anal. 14, 
page 321) in a survey on alkalic rocks from oceanic islands. The chemistry 
is very similar to the Hawaiian rocks except for a slightly higher Ti-
and Al-content. 
c) Cape Verde Islands 
Barley (1974, p. 321, anal. 2) reports an average of two larnite-
normative rocks from the Cape Verde Islands. The analysis is high in Ti, 
Mg and Ca and low in Al and alkalies and very similar to several conti-
nental occurrences (Schwabische Alb, South Africa). 
d) Gran Canaria 
Schmincke (1973, 1976) describes the occurrence of harzburgite-
nodules in a pegmatoid olivine melilitite (no. 1153) from Gran Canaria. 
It belongs to the late stage of eruptive activity on Gran Canaria. I 
have reanalysed the rock by microprobe and find somewhat lower MgO and 
higher Ti, Al and alkalies reflecting varying amounts of olivine within 
the rock (Table 2). Olivine is the most common phenocryst and slightly 
zoned with Fos4 . 5- 86 (Mg-richer at rim). Clinopyroxene shows the same 
wide variation in composition as in the Hawaiian rocks (Table 2). It 
occurs as rare zoned phenocryst and very commonly in the fine-grained 
groundmass . Titanomagnetite , apatite and nepheline are the other main 
constituents ~f the groundmass . Melilite (strongly altered) and Hauyne 
are rare. Calcite occurs interstitially or more rarely is euhedral in 
the groundmass . Perovskite is found only in schlieren. Biotite with 
high Ti-content is very rare. 
Table 2 : Bulk Rock and Mineral Analyses of Olivine Melilitite 1153 from Gran Canaria 
phenocrysts 
1153 1 1153 2 cpx cpx cpx 
core r lffi core 
Si02 38.83 39 . 3 52 . 0 44.6 47.1 
Ti02 3 . 01 3 . 6 1.7 3 . 7 2.9 
Al203 9 . 19 10 . 2 2 . 0 8 . 2 5.6 
Fe203 2.71 - .24 . 24 .24 
FeO 9.14 13.0 4.8 3 6 . 9 3 6.6 3 
MnO . 20 - - - -
MgO 16.04 14.7 15.4 12.1 lJ . 5 
CaO 14 . 10 14 . 9 23.6 24 . 1 24.1 
Na20 2 . 60 3 . 1 . 3 . 3 -
K20 .75 1 . 3 - - -
P20s 1.14 
H20+ 1.94 
Mg - Value 74.0 69.9 85.1 75.8 78.5 
1 = analysis 1153 from Schmincke 1976 
ground.mass 
cpx2 cpx3 
44.5 52 . 0 
3 . 7 1. 6 
7.5 1.6 
. 24 . 24 
7 . 2 3 5.2 3 
- -
1 2.4 14.6 
24 . 4 24.7 
. 2 . 2 
- -
75.4 83.3 
neph Ti-magn . 
42 . 1 
- 22.6 
34 . 6 2 . 4 
- -
. 7 3 66.2 3 
- . 9 
- 5 . 4 
. 8 
1 5.5 
7 . 3 
2 = analysis by incroprobe (calc. to 100%) from glass made with an iridium strip heater 
3 = all Fe as FeO 
4 = Cr203 
f-.J 
N 
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e) British Solomon Islands 
A detrital assemblage of magnesian ilmenite, pyrope, chrome 
diopside, enstatite, rutile and zircon led to the discovery of · alnoitic 
and ankaratritic rocks on Malaita, Solomon Islands (Alle n and Deans, 
1965) . The chemical analyses are very different from olivine melilitites 
from Hawaii , but closely resemble rocks from the Schwabische Alb and 
South Africa . 
3 . Continental Occurrences 
Olivine melilitites on continents are found at or near areas 
where major rifting occurred . Their composition becomes more undersaturated 
with distance from the fault zones. Pipes resembling kimberlite pipes 
are found with those furthest away from the rift zones, but no diamonds 
have been found with them (an exception is a Siberian olivine melilitite 
pipe - see below) . 
a) Tasmania. 
The Tasmanian Tertiary volcanics belong to a less than 300 km 
wide zone of Cenozoic eruptive activity which occurred discontinuously 
along the eastern margin of the Australian continent (McDougall, 1973). 
The Tertiary volcanic activity in Tasmania was contemporaneous and sub-
sequent to the separation of Antarctica (beginning 53 m.y . ago) and the 
Lord Howe Rise and New Zealand Plateau (60-80 m.y., Veevers and McElhinny, 
1976). The Tertiary Tasmanian volcanics include spinel lherzolite nodule-
bearing lavas ranging from olivine melilitite to olivine tholeiite 
(Sutherland, 1974). The nodule-bearing lavas appear to occur in peripheral 
areas of less intense volcanism within the Tasmanian province (Sutherland, 
1974) . 
Melilitites occur as plug s in two localities in Tasmania at 
Shannon Tier and at Laughing Jack Marsh . Four analyses are g iven by 
Sutherland (1972) and reproduced in Table 3. The Shannon Tier plugs do 
Table 3: Bulk Rock Analyses and Minerai Chemistry of Tasman ian Melilitites 
phenocryst 
2 3 4 2927 cpx cpx Mel . 
core r lID 
Si02 36.0 36 . 2 37 . 6 37 .1 49.3 47 . 0 43.4 
Ti02 1.1 2.2 3.8 2 .7 1.9 2.5 -
Al203 15.2 11 . 9 15.3 9.3 4.6 6.9 7.2 
Fe203 5 . 9 11 . 4 5 . 6 4.2 . 2 1 . 2 1 . 2 1 
FeO 9 . 6 4 . 2 6 .7 9.0 6.4 6.8 3.5 
MnO . 2 - . 3 . 2 13.8 12.6 -
MgO 8 . 6 14 . 2 4.8 15.9 24.0 23.6 7.9 
CaO 15.5 11 . 5 14.1 12.8 .6 .8 34.2 
Na20 4.2 5.4 3.8 3.7 . 1 - 3 .7 
K20 1.9 2 .1 . 9 1 . 4 . 2 
P20 5 1.4 . 8 1.0 1.3 
H20+ . 6 - 5 . 6 1. 6 
H20- - - 1. 2 . 3 
CO 2 
Total 100.2 99 . 9 100.7 99 .5 
Mg-Value 54.2 66 . 8 45.6 71.8 82 . 7 81.7 
2, 3, 4 from Shannon Tier , 2927 from Laughing Jack Marsh . 
1 = Cr203 
Neph . 
42.1 
-
33.9 
-
. 9 
-
-
1.2 
15.1 
6 . 8 
Ti-magn . 
18 . 3 
4.7 
2 . 1 1 
66.3 
. 6 
7.6 
. 4 
f--' 
+=' 
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not contain any lherzolite nodules and have intermediate to low }1g-values. 
One of the rocks (no. 2) is monticellite bearing. All three could be 
derived by removal of olivine from more Mg- and Si-rich parental compo-
sitions. 
2927 is the only nodule-bearing olivine melilitite known so far 
in Tasmania. Olivine, orthopyroxene, and spinel from disintegrated 
nodules are found within the rock . Olivine with wavy extinction is sub-
hedral to xenomorph with Fos9.5 and often contains spinel inclusions. 
Orthopyroxene always shows r eaction rims with the groundmass and spinel 
has an outgrowth of titanornagnetite. Euhedral olivine phenocrysts are 
zoned from Fo 83 . 3 to Fo 79 . 6 . Rare Ti-augite phenocrysts are strongly 
zoned (Table 3) . The fine-grained groundmass consists mainly of clino-
pyroxene, melilite, nepheline, titanomagnetite and apatite. 
2927 is Si-, Al- and Na-poorer and Mg-richer than Hawaiian 
olivine melilitites and is very similar to olivine melilitites from Texas 
and northern Hessen (see below). 2927 was u sed as a starting material 
for the majority of experiments carried out in this study. 
b) The Balcones Province, Texas . 
The geology, petrography and chemistry of the Balcones igneous 
province is described extensively by Spencer (1969). The Balcones 
Province coincides with a part of the buried Ouachita structural belt 
and lies along and mostly south of the Balcones fault zone (Spencer, 
1969). The late Cretaceous volcanics erupted over a time span of at 
least 40 m.y. Mild tectonic movement occurred throughout the volcanic 
period, but more extensive faulting occurred later in the Miocene, 
generating the Balcones fault zone . About 50% of the exposed igneous rocks 
are olivine melilitites, 30% olivine nephelinites, 10-15% basanites and 
less than 10% phonolites. They occur as sills, laccoliths and plugs. 
Nephelinites and melilitites contain spinel lherzolite inclusions or 
minerals of disintegrated nodules. Both chemistry and mineralogy is 
16 
continuous between melilitites and nephelinites, i.e., there are larnite-
normative nephelinites without modal melilite. Available analyses 
(nos . 21-28, Spencer, 1969, Table 2) of olivine melilitites are plotted 
in Fig . 1 as oxide ratios versus Mg-value. 
Adjusted Mg-values are higher than in Hawaiian olivine melilitites 
and range from 69-74 . Al 2 0 3 /Ti0 2 is slightly lower than in Hawaiian 
olivine melilitit~and so is Na 20/K20. CaO/MgO in an average is also 
lower than in the Hawaiian rocks, whereas CaO/Na20 and Ca0/Al 2 0 3 are 
higher. MgO is greater than in Hawaii for similar Si0 2 contents. Olivine 
melilitites from Tasmania, Gran Canaria and northern Hessen are very 
similar to those from Texas . 
Olivine and rarer Ti-augite occur as phenocrysts in a fine-
grained groundmass of nepheline, Ti-augite, melilite and iron-titanium 
oxides . Accessory minerals are apatite, biotite and, in some specimens, 
perovskite . 
c) Germany. 
Wimmenauer (1974) has summarised the Cenozoic (mainly Miocene) 
volcanism in Europe which is principally situated where -Tertiary grabens 
or graben-like depressions are developed (see Fig. 3, after Wirnrnenauer, 
1974). However, the bulk of the exposed volcanics lie on the adjoining 
horst blocks or near to the principal dislocations. Olivine melilitites 
are described from all three main provinces, the Massif Central, the Rhine 
graben system and the Bohemian massive. The olivine melilitites occur as 
plugs, dikes, lavas, tuffs and in diatremes. The most complete descriptions 
are from three areas in Germany, the volcanics of northern Hessen, the 
Hegau and the Urach volcanic district. 
c-1) Northern Hessen 
The following description of the Miocene olivine nephelinites and melilitites 
of the area Fr=itzlar-Naumburg in northern Hessen (see Fig .. 3) is based 
Fig . 3 : Distribution of 
Tertiary volcanism in 
Europe 
(afte r Wimmenauer ]974) 
""-..: PyRt 
'vtts 
,~/. 
t § 
ti) 
(lJ 
. C: 
..... 
~ 
" 
~" 
northern 
Hessen 
?"'' ~ o"~,\ 
•, ~ ~ 
. 0(\ 
":'0e~' 
~o ~ 
Urach 
1
~ 
~volcanic 
district oMunchen 
Hegau 
\. \> s 
~ 
~ grabens and -like 
depressions 
• 
~ 
tert iary volcani cs 
cont inuous 
indiv idual 
o ccure nc es 
f-1 
"' 
18 
mainly on a detailed discussion of the petrography and geochemistry of 
these rocks by Lohman (1964) . Trace element contents are discussed by 
Wedepohl (1963) . These basalts belong to a province of Tertiary basalts 
ranging from tholeiites to olivine melilitites within the "Niederhessische 
Senke ", a graben- like , fractured zone which represents an extension of 
the Rhine graben north of the Vogelsberg . Spinel lherzolite nodules are 
found in one occurrence, bu t small fragments of disintegrated nodules are 
rather common . Larn ite-normative and melilite-bearing rocks (anal. 3, 5-10, 
12- 14 , Lohman , 1 964 ; anal . 5 has high- larnite content, but no(?) 
melilite) are u sed in Fig . 1 plu s a further analysis given by Ernst (1936) 
of a nodu le-bearing olivine meliliti t e fr om Westberg within the "NiederhessischL 
Senke". The analyses all fall in a narrow range of Mg-values from 73-76. 
They are very similar to those from Texas except that MgO is somewhat 
higher . Potassium is also higher than in Hawaii or in Texas and the 
K20 / Na20 ratio approaches l ; this is reflected by the rare occurrence of 
leucite in the groundmass . The fine-grained groundmass usually holo-
crystalline, consists of ti t ano-augite, nepheline, titanomagnetite, melilite, 
apatite and sometimes perovskite and biotite . Melilite appears also as 
microphenocrysts. Clinopyroxene is a rare phenocryst phase, sometimes 
with a highly corroded green (?chrome diopside) core. Olivine phenocyrsts 
sometimes show a reaction rim of pyroxene and titanomagnetite. Some 
olivines are auhedral , corroded and show undulatory extinction; these are 
probably debris from lherzolite inclusions. 
c-2) Hegau . 
The Hegau is a Miocene volcanic area about 80-90 km SE of the Kaiserstuhl 
(Fig . 3) . The deposition of thick tuff layers was followed by intrusion 
of phonolites (Table 4) and plugs of olivine melilitite. Diatremes of 
unknown petrographic character are common (Wirtunenauer, 1970). !he chemistry 
and mineralogy is very similar to the rocks from northern Hessen as far 
as can be judged from one averaged aualysis given by Wimrnenauer (1970, 
anal . 12 , see Table 4) and an analysis from Howenegg (sample received from 
Table 4: Bulk Rock and Mineral Analyses of Olivine melilitites from the Hegau . 
(1) 12(l) ( 2) melilite neph . Ti- magn . 13 HOW cpx cpx cpx 
core rim gmass 
Si02 52.3 36 . 5 40.6 49 . 2 43 . 6 44 . 2 42 . 4 43 . 4 40 . 8 
Ti02 .5 2 . 9 2 . 9 1. 8 3.9 3 . 4 - - - 16 . 4 
Al203 19 . 6 9 . 1 10 . 9 5 . 1 9 . 9 8.5 7 ·. 3 6 . 2 33 . 6 6 . 0 
Fe203 2.2 6 . 9 . 2 3 . 63 . 5 3 . 7 3 . 2 3 . 2 3 - . 63 
FeO . 7 6.5 10 . 8 4 . 6 5.9 6 . 4 2.8 3 . 0 . 8 67 . 2 
MnO . 2 . 2 n.d . - - - - - - . 8 
MgO 1.2 14.7 14.6 14 . 8 12. 3 12 . 3 8.0 8 . 8 - 8 . 8 
CaO 3 . 2 14.7 14.9 24.0 23.7 24 . 0 32.2 35 . 6 . 8 . 1 
Na20 8 . 3 2 . 8 3.0 - . 3 . 4 3 . 5 2.7 12. 9. 
K20 4.9 1.5 2 . 2 - - .1 . 9 . 2 10 . 8 
P20s . 2 . 8 
H20+ 4 . 8 ) 3.2 
H20 - . 9 ) 
CO2 1.0 .4 
Mg-Value 47.9 70.3 73.5 
1 = Phonolite and averaged melilite ankaratrite (= olivine melilitite) from Wirnrnenauer 1970 , table 1. 
2 = H~wenegg, microprobe analysis normalized to 100 %, all Fe as FeO. 
3 = Cr2o3 
I--" 
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J. Keller) obtained by microprobe on a 8lass melted with an iridium 
strip heater (see Table 4). Forsterite content of euhedral to subhedral 
olivine phenocyrsts in the Howenegg sample ranges from 89.3 to .86.3. 
Rare titanaugite phenocrysts are strongly zoned and are continuous in 
composition with groundmass clinopyroxene (see Table 4). M.elilite, 
titanornagnetite, nepheline and apatite form most of the rest of the 
holocrystalline groundmass. The Howenegg sample has a high K20 content 
like the olivine melilitites from northern Hessen, but no leucite could 
be detected. The nepheline has a higher K20 content than nephelines 
from other localities (Table 4). 
c-3) The Drach volcanic district (Schwabis t .he Alb). 
An unpublished Ph.D. thesis (Sick, 1970) gives a detailed petrographic 
description and new c hemical data of this volcanic area (see Fig. 3) 
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with at least 300 known pipes filled with tuff breccias. Only about one 
tenth of the exposed volcanics include plugs of solid olivine melilitite. 
The eruptions occurred during the Miocene. A biotite from one of the 
pipes gives an age of 20 m.y. The area is intensely fractured and lies 
on the crossing of several fault systems. 
Subhedral to xenomorphic olivine is very abundant as a phenocryst 
phase, wherea s titanaugite is rare or absent. It is more common in the 
groundmass, which consists in addition of melilite, nepheline, titano-
magnetite, perovskite, apatite and biot ite . Very rare wollastonit e also 
occurs in the groundmass. Red brown spinel occurs tog e ther with rare Cr-
diopside and is interpreted as derivative from disintegrated lherzolite 
nodules. Pink to red brown garnet was found in heavy mineral concentrates 
and was classified by optical data as belonging to the grossular-andradite 
series. 
Analyses 2, 3, 5-12, 15 and 17 of Sic~ (1970, pp. 65,66) were 
used for further discussion. Very old and obviously unreliable analyses are 
excluded. Analysis 3 is from Jusi and published by Blattmann (1938) and 
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analyses 21 from Hochbohl (published by Ernst, 1936). Analyses 2, 7, 8 
and 17 are reproduced by Ferguson et al. (1973), the rest are unpublished. 
The adjusted Mg-values are higher than in rocks from northern Hessen 
and Texas and range from 75-80 (Fig. 1). Al203/Ti0 2 andN~O/K20 are 
lower than in olivine melilitites from Texas and northern Hessen. CaO/Na 20 
is very high and varies widely due to low to very low Na20 contents. 
CaO/Al203 is markedly higher than in northern Hessen and Texas and in 
the Hawaiian islands . Three rocks show rather high CaO/MgO, whereas the 
other analyses with higher Mg-values may be somewhat lower than in Texas 
and northern Hessen . K20 is greater than Na20 in two samples. 
d) Southern Africa. 
Olivine melilitites occur in a 400 km wide zone parallel to the 
west coast of southern Africa (Cornelissen and Verwoerd, 1975, fig. l; 
reproduced and modified here as Fig. 4). The volcanics within this zone 
are concentrated in small areas of different ages and different associa-
tions both seemingly related to their distance from the west coast (Fig. 4). 
Absolute age determinations are scarce, but those available, together with 
information on relative ages, suggest to Moore (1975) ''four episodes of 
intense and widespread volcanic activity interspersed with long periods 
of quiescence since the opening of the proto-Atlantic roughly 127 m.y. 
ago" . The periods of volcanism coincide with breaks in sedimentation 
(= major marine regressions), "possibly associated with epirogenic upwarping 
of the continental margins." The inferred epirogenic movements may have 
triggered volcanic activity. Moore does not lay importance on the geo-
graphic distribution of ages yet it appears that the youngest ages occur 
along the coast - and that the ages increase inland, possibly in a stepwise 
manner . The youngest rocks near the coast are olivine melilitites, alone 
or together with phonolite (Fig. 4). Further inland olivine melilitites 
occur together with pipes resembling kimberlite pipes and with carbonatites. 
Diamonds have not been found so far in the pipes despite a major exploration 
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program (Cornelissen and Verwoerd, 1975) . The diamond-bearing kimberlites 
of South Africa are even further inland and older (but younger than the 
opening of the Atlantic). 
Information is available from three areas : the Gibeon province 
(Janse, 1975; Ferguson et al., 1975), the Bushmanland province (Taljaard, 
1936; Moore, 1973; Cornelissen and Verwoerd, 1975) and the Cape province. 
An excellent petrographic description is given by Taljaard (1936) of four 
occurences in this area at Sutherland, Saltpetre Kop, Robertson and 
Spiegel River (Heidelberg). Mciver and Ferguson (in prep.) describe the 
Sutherland and Saltpetre Kop area further (with references to an unpub-
lished Ph.D. thesis by de Wet, 1974) and give new chemical data. I 
obtained 2 samples from each of the above mentioned occurrences from 
Dr. Hargraves, Princeton, U.S.A. via Bob Duncan (ANU) and have carried out 
bulk rock and mineral analyses on them. The further discussion is based 
on these results and the cited references. 
d-1) Sutherland Cornrnonage. 
The olivine melilitites at Sutherland Cornmonage occur as sheet-like 
intrusions (Taljaard, 1936). They show a range in chemical composition 
expressed most strongly in Si-content. The two samples available to me 
have very low Si-contents (Table 5) and are similar to analyses 6, 7 and 
9 of Mciv rand Ferguson (in prep.). These authors also report Si-richer 
compositions (5 and 8) similar to the analyses from Saltpetre Kop in 
Table 5. 
Olivines are up to 1 cm in hand specimen and shiny black, some-
times with a green core . Most crystls are euhedral to subhedral and 
show an even extinction. Rare xenomorphic olivines (and aggregates) show 
blocky and undulating extinction and are interpreted as xenocrysts. A 
similar interpretation applies to rare red spinel with titanomagnetite 
outgrowth . The forsterite content of euhedral olivines ranges from 
89.5- 82 . The original euhedral shape of the olivines is commonly outlined 
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Table 5 Composition of South African 01 iv i ne Me 1 i 1 it i tes, 
a 1 1 normalized to 1 00 %. 
SALT-1 SALT -6 Sut-2 Sut-7 SPIEG-1 SPIEG-7 ROB-2 ROB-6 
Si0 2 36.2 37.2 33.3 32. 1 38.0 38.4 37.6 38.3 
Ti02 2.4 2.2 3.2 2.9 4.3 4.2 4. l 4.6 
Al 2o3 7.2 7.8 7.3 6.9 7.4 
7,5 7.4 7.4 
Fe 2o3 3.2 3.8 
6.0 5.9 6.3 5,3 5.5 7. l 
FeO 8.0 6.3 7.3 8.4 7.8 8.5 9.7 9. l 
MgO 19.5 19.6 19. 6 20.3 l 7. 3 l 7. 6 18.5 16.8 
CaO 18.2 l 7. 3 16.7 l 8. 4 l 2. 9 l 2. 4 12.5 1 2. 7 
Na 20 2.4 2.3 2.6 2. l 2.8 2.6 2.0 l. 3 
K
2
0 1 . 0 1. 5 2.0 ,9 2 . 1 2.2 1. 7 1. 3 
P205 l. 6 1. 9 1. 9 2.0 . 9 1. 0 .9 1. 2 
L. 0. I . 3.7 4.7 3.7 2.8 1 . 2 1. 3 l . 0 1. 9 
Analyses by electron microprobe on glasses obtained on an iridium strip 
heater. FeO by spectrophotometry and P2o5 by XRF. 
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by small crystals of perovskite and titanomagnetite but olivine reacted 
with the melt at the time or shortly before the groundmass crystallized 
and monticellite and biotite were formed . Titanomagnetite and · perovskite 
(still outlining an original euhedral olivine) lie now in a more or less 
broad zone of mainly monticelli t e and rarer biotite, both of which grow 
poikilitic into the groundmass . Large laths of melilite crystallised 
together wi t h olivine , before the reaction took place (olivine retains 
its euhedral shape where it was in contact with melilite, Mg-values of 
olivine and melilite are t he same - Table 6) . Melilite continued to 
crystallise dur ing the fo r mation of the groundmass together with titano-
magnetite , perovskite , nepheline and sodalite. The rest of the groundmass 
is made up of zeolites , calcite and strongly pleochroic (green-light 
brown)biotite , which also forms a rim around larger, brownish biotite 
flakes . Analcime was not identified and Taljaard (1936) may have mis-
identified sodalite for analcime . The low totals of sodalite (Table 6) 
and a strong Cl-peak in the spectrum on the TPD microprobe suggest 5-6% Cl. 
d- 2) Saltpetre Kop. 
The Saltpetre Kop vent , about 20 kilometers southeast of Sutherland, 
forms the center of a regular , circular updomed region containing about 
20 volcanic rocks and vents . Trachyte is the ~ost common rock type, but 
the sequence of intrusion in the vent is olivine melilitite, trachytic 
intrusions and carbonatite (Nciver and Ferguson, in prep., after de Wet, 
1974) . A pyroclastic rock , named the Silver Dam pyroclastics, contains 
large ?xenocrysts or ?phenocrysts of ilmenite, clinopyroxe·ne, brown 
amphibole and biotite . Ilmenite, amphibole and biotite also occur in the 
sovitic and ankeritic carbonatites . The pyroclastics resemble, macroscopi-
cally, some types of kimberlite (Mciver and Ferguson, in prep.). 
The two newly analyzed (SALT 1 and 2) samples from Saltpetre Kop 
have the highest Mg- values , high Si- and Ca-content and the lowest Ti-
contents among the new chemical data . (Table 5). 
Table 6: Mineral Analyses from SALT - 6 and -1 (74 - 383 and -3 82) 
Sample 6 1 6 6 6 6 1 6 6 6 6 1 6 
Mineral monticellite melilite biotite sod neph wall cpx spinel 
Si02 36 . 2 36 . l 42 . 5 42.6 39 . 6 34 . 5 38 . 2 39 . 9 40 . 5 51 . 3 54.0 52 . 4 
Ti0 2 - - - - 3 . 5 8 . 6 3 . 6 - - - - 2 . 1 2 . 3 
Al203 - - 5 . 8 6 . 1 8 . 7 11 . 9 12 .7 33 . 2 34 . 4 - . 2 . 7 20 . 1 
Cr20 3 . 1 . 2 . 3 . 2 - . 1 - - - . 5 . 3 . 3 39.7 
FeO 10 . 4 11 . 9 2 . 1 2 . 2 10 . 3 8 . 6 5.1 . 6 . 6 - 4 . 0 6 . 5 23 . 0 
MnO . 5 . 2 - - - - - - - - - - . 3 
MgO 18 .7 19 . 2 9 . 9 9 . 6 22 . 3 19.5 23 .1 - - - 16.l 14 . 1 13 . 8 
CaO 34 . 0 32 . 3 37 . 5 36 . 9 n.d . n . d . n.d. . 3 . 4 48 . l 25.4 22 . 4 . 1 
Na 20 - - 1.7 2 . 2 - - - 24 . 6 14 . 9 - - 1.6 
K20 - - . 2 . 2 9 . 8 8 . 2 9 .4 1 . 2 9 .0 
Total 94 . 5 91 . 2 92 . l 94 . 8 
Mg-Value 76 . 2 74 . 2 89 . 3 88 . 6 79 .4 80 . l 89 . 0 87 . 7 79 . 6 
SUT -2 (74 - 378) Spieg 1 ROB -6 (74 -381) 
monticellite melilite biotite mel n eph neph cpx biotite 
Si0 2 36 . 6 35 . 7 42 . 8 39 . 3 39.1 36 . 3 44 . 0 40 . 5 41.5 46 . 7 38 . l 42.5 
Ti0 2 - - - 2 . 6 2 . 2 . 6 - - - 3 . 5 2 . 5 1. 8 
Al 20 3 - - 6.8 9 .3 8 . 4 12.3 5 . 0 32 . 2 33 . 1 5.0 10 . 4 4 . 6 
Cr 20 3 . 2 . 1 . 2 - - - . 2 - - . 1 
FeO 7.8 12 . 6 2 . 2 6 . 5 8 . 5 11.3 4 . 5 2 . 2 . 9 6 . 6 18 . 2 19.6 
MnO . 2 . 5 - - - . 3 - - - - . 2 . 1 
MgO 22.3 17 . 6 9 . 1 23 . 6 23 . 4 18 . 9 8 . 3 - - 13.4 14 . 2 13.5 
CaO 32.9 33.4 35 . 9 .1 . 2 . 4 34 . 8 .4 - 24 . 4 . 3 . 5 
Na 20 - - 2 . 8 - - - 3 . 0 14.0 13 . l . 2 . 3 .8 
K20 - - .2 10 . 1 10 . 2 9.6 . 2 10.6 11 . 3 - 8.9 9 . 5 
Total 91 . 4 92.0 89.6 93.l 92.8 N 
Mg-Value 83 . 6 71.4 88 . 1 86.6 83.1 74.8 76.7 78 . 3 58 . 2 55.1 °' 
Minerals and textural relationships are the same in SALT 1 and 
6 as in SUT 2 and 7 except that the Saltpetre Kop rocks clearly show 
cumulative olivine and melilite . The olivine porphyroblasts are smaller 
(2-3 mm) and more equigranular than in the Sutherland rocks, but the 
forsterite content (84-90.6) lies within the same range. The same range 
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of Mg-values is present in the melilite phenocrysts. The differences in 
bulk composition and modal mineralogy contrast with the similarity in 
olivine and melilite composition and support the view that the Saltpetre 
Kop rocks are cumulates of olivine and melilite (Mg-value~ 89) from 
parental magma similar in composition to the Sutherland olivine melilitites. 
The melilites are up to 2 mm in size, slightly zoned towards the rim and 
show incipient secondary alteration. Biotite is more common than monti-
cellite in SALT-6 but the comparison is reversed in SALT-1. Anorthite 
is described in the groundmass by Mclver and Ferguson (in prep.). 
Wollastonite was found during this study as very small needles in the 
groundmass of these rocks. The rest of the groundmass consists of 
sodalite , nepheline, zeolites, carbonates and very rare, very small Si-rich 
and Ti- and Al-poor clinopyroxene. 
d-3) Robertson and Spiegel River (near Heidelberg). 
The two occurrences (as plugs, Taljaard , 1936) are very similar in their 
chemistry . They have relatively (to Suthe rland) high Si- and Fe-content, 
are very rich in Ti, and have similar Al, lower Mg- and very much lower 
Ca-content than the Sutherland rocks. Euhedral olivine phenocrysts 
(forsterite 84 . 3-90.9 in SPIEG l; 83 . 3-87.7 in SPIEG 7; 82-85.7 in ROB 2 
and 81 . 6-87 . 1 in ROB 6) and microphenocrysts of m~lilite, perovksite and 
titanomagnetite are set in a groundmass of clinopyroxene, nepheline and 
titanomagnetite. Biotite is very rare in the Robertson rocks. The ground-
mass in these latter rocks is coarser grained than in those from Spiegel 
River . Melilite is larger in Robertson, but rarer and almost completely 
altered . Rare xenomorphic olivines with undulating extinction and red brown 
spinel also occur and are interpreted as fragments from disintegrated 
spinel lherzolites. 
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The mineralogy and chemical differences are so great between the 
rocks from Spiegel River and Robertson on the one hand, and Saltpetre Kop 
and Sutherland on the other, that they cannot be related by any acceptable 
fractionation process. The Robertson and Spiegel River olivine melilitites 
fall mineralogically and chemically between those from Texas and northern 
Hessen and those from Sutherland and Saltpetre Kop . However, high Ti-
and low Ca-contents (low CaO/MgO) are distinctive characteristics. The 
Sutherland and Saltpetre Kop olivine melilitites resemble those from the 
Schwabische Alb in many respects except for the very much lower Si-content 
of the compositions regarded here as parental and primary (SUT-2 and SUT-7, 
Table 5). 
d-4) Other occurrences in southern Africa. 
Plugs of olivine melilitite occur in two major areas, the Bushmanland 
(Taljaard, 1936; Cornelissen and Verwoerd, 1975) and the Gibeon kimberlite 
province (Janse, 1975). They occur in the same area with sediment-filled 
diatremes and pipes with many features of kimberlite pipes. No diamonds 
have been found, but garnet lherzolite nodules are common. A wide range 
in chemical composition appears to exist (only partial analyses are available 
for the Bushmanland province). The range of compositions encompasses the 
previously described South African olivine melilitites and overlaps par-
tially with South African kimberlites (Cornelissen and Verwoerd, 1975), 
e . g ., analyses 3 and 4 of Janse (1975) closely resemble South African 
kimberlites. Complexes with carbonatite and porphyritic monticellite 
peridotite also -occur in the Gibeon province. The compositions given by 
Janse (1975) and by Ferguson et al. (1975) of the monticellite peridotites 
are extremely similar to the monticellite-bearing olivine melilitites from 
the Sutherland Commonage which are suggested herein as parental and 
primary magmas . 
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e) A diamond-bearing olivine melilitite from Anabar (Siberia). 
Ukhanov (1963) describes a series of diatremes from the Bol'shaya 
Kuonawka River valley. The southernmost pipe, Bargydamalakh, consists 
of a greenish-grey kimberlite breccia with a central part of massive 
olivine melilitite . Few diamonds were found within the pipe. The 
mineralogy and chemistry (Ukhanov, 1973, table 1) of the olivine melilitite 
is rather similar to the olivine melilitites from Sutherland. 
3 . Kimberlites 
Dawson (1967, p. 242) defines kimberlite as "serpentinized and 
carbonated mica-peridotite of prophyritic texture, containing nodules of 
ultrabasic rock-types characterized by such high-pressure minerals as 
pyrope and jadeitic diopside; it may, or may not, contain diamond." A 
large number of chemical analyses exist from kimberlites, but they show 
a very wide compositional range and there is certainly no consensus about 
a kimberlite magma composition. Contamination by country rocks and ultra-
mafic inclusions, addition of mainly CaO from CO2-rich solutions or Si02 
(hyalite) from H20-rich fluids change the chemical composition appreciably 
so that average analyses differ from any real primary kimberlite compo-
sition and may be misleading . Pipes in general show the highest degree 
of contamination and alteration so that analyses of dykes, blows and harde-
bank should give the closest approximation to the composition of a kimber-
lite magma . The variability of composition and recognition of complex 
secondary alteration raises the question of whether or not a distinctive 
kimberlite magma exists at all. The occurence of chilled crystalline, 
igneous textured rocks as dykes and sills provide evidence for the existence 
of magma within a kimberlitic system . In contrast, pipes may originate 
as a fluid-rich portion of a kimberlite magma formed at depth and carrying 
a large proportion of mantle and crystalline debris . This interpretation 
implies that there is no important chemical difference between the condensed 
30 
phases of kimberlite pipes and dykes and the information on magma compo-
sition , inferred from the dykes , is applicable also to the parental magmas 
of diamond pipes . 
An attempt was made to establish a kirnberlite magma composition 
by comparing analyses from Lesotho kimberlites (Nixon, ed., 1973) and 
from Russian kimberlites (Sobolev , 1959) . and seeking an overlap in compo-
sition . This shou ld at least exclude the accidental contamination by 
crustal rocks . The method of comparison used were simple oxide variation 
diagrams for all analyses, first calculated on a volatile (H20 + C0 2)-
free basis . 
Fig . 5 shows that Cao increases with increasing CO2 and this is 
interpreted as addition of Cao as CaC03 from CO2-rich fluids. I have chosen 
arbitrarily 11% Cao as the maximum content, higher values are assumed to 
be due to carbonate metasomatism . MgO roughly decreases with increasing 
CaO content in the Ru ssian kimberlites . The Lesotho kimberlites fall into 
one group overlapping with the Russian kimberlites (high MgO, low CaO) and 
a second group with lower MgO , low CaO . This second group contains all 
analyses with Si02 > 40%, all of which come from pipes (Fig. 5). Rocks 
with Si02 > 40% also form a separate group in Russian kimberlites and all 
come from the Mir pipe (Fig . 5) . Al203 content is also very much higher 
in the pipe rocks than in those from dykes, blows, etc. The diagrams 
show that analyses from most pipes are different (esp . Si02-richer) from 
those of other parts of a kimberlitic system and are presumably unsuitable 
as indicators for a kimberlite composition due to extensive contamination. 
The best overlap between Russian and Lesotho kimberlites for CaO < 11% 
lies between 34-39% MgO and 33-39% Si02 (all calculated volatile free). 
FeO (all Fe calculated as FeO) is rather variable from 8-15% within this 
compositional field . Al2 03 varies between 2% and 5%. I propose that the 
composition of a kimberlite magma (which may be the parental magma in the 
source region) lies between the boundaries given above. The major difference 
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to other proposed compositions is the lower Si02 and higher MgO content. 
A major problem is the alkali content in kimberlites. Alkali contents 
are very low and potassium is usually higher than sodium. It may be 
significant that Fesq et al . (1975) find Na20 greater than K20 in supposed 
trapped silicate melts in diamonds. If Na20/K20 was greater than one in 
the primary magma , the ratio of the alkalies must have been changed during 
the ascent or emplacement of kimberlites or during alteration processes. 
I show in Chapter IV that Na20 is more strongly partitioned into a CO2-rich 
fluid phase than K20 and that this could be a mechanism of removing Na20 
preferably over K20. 
5. Summary and Comparison of Olivine Melilitites with Olivine Nephelinites, 
Kimberlites and Carbonatites. 
Olivine melilitites from different areas were compared by plotting 
oxide ratios versus Mg-value (Mg/Mg+ Fe2+), after normalising Fe2o3 
content by choosing arbitrarily Fe203/FeO = .15. Mg-values vary within 
a small range in individual areas except a) Hawaii, where the olivine 
melilitites with Mg-values< 65 are probably derived by olivine fractiona-
tion , and b) Sutherland Commonage (South Africa), where the olivine 
melilitites with high Mg-values (>77) contain cumulate olivine and melilite. 
All other compositions in the various areas are possible primary magmas as 
indicated by high Mg-values and the presence of spinel lherzolites and 
minerals from disintegrated nodules. This gives a spread in adjusted 
(to Fe203/FeO = .15) Mg-values from 65-77 from Hawaii to South Africa 
(Fig. 1) . A range in Mg-value would result, if the assumption of 
Fe203/FeO = .15 for all areas is not valid. 
The Fe2+, Mg-partitioning between olivine and liquid makes it 
possible to test such an assumption. Roedder and Emslie (1970) and Longhi 
et al . (1975) found in terrestrial and low-Ti lunar basalts, respectively, 
that the~= (Fe2+/Mg) 01 /(Fe
2+/Mg)liq = .3 and .33, respectively, indepen-
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dent of pressure, temperature and Fe/Mg ratio of magma composition. 
Forsterite content of liquidus olivine increases with increasing oxygen 
fugacity (Hysen, 1975; this study, Chapter V), as Fe 3+ does not partition 
into olivine. If we know the K_-value [K_ = (Fe2+/Mg) /(Fe2+/Mg) . J 
-lJ TI ol liq 
and the forsterite content of liquidus olivine in equilibrium with a 
liquid, then we can deduce the Fe2+ of the liquid and thus, knowing 
Fe the oxidation state of iron (Fe 3+/Fe2+) in the liquid. 
total' 
Fig. 2 is a plot of forsterite content measured in olivine pheno-
crysts versus 100 x Mg/Mg+ Fe 2+ of the bulk rock with the lines for 
~ = .3 and .35. For each olivine composition, the bulk composition is 
calculated for Fe 2o3/Fe0 = 0 and Fe203/FeO = .15, illustrating the effect 
of varying oxidation state of the magma from which the olivine crystallised. 
Forsterite content in olivines from most rocks varies widely (due to 
decreasing temperature during crystallization), but if all olivines 
crystallised under the same oxygen fugacity, those with the highest 
forsterite contents should lie along common Kn's for the same Fe 2 03/FeO. 
If a~= .33 is accepted, then the Hawaiian olivine melilitites plot on 
the forsterite-rich side even for Fe2o3/Fe0 = .15, whereas the non-
cumulative rocks from continents and Gran Canaria mostly plot along 
~ = .33, if Fe 2o3 is practically 0. Thus, it is inferred, that olivines 
in Hawaiian olivine meliltites crystallised under higher oxygen fugacities 
than those from continents or Gran Canaria. From these data, I extrapolate 
to infer that a higher oxygen fugacity prevailed in the source region for 
Hawaiian olivine melilitites than the source region for continental 
olivine melilitites . This inference wou]d narrow down the range of actual 
Mg-values to about 69-74. This range would still require an explanation, 
if similar degrees of partial melting are assumed for all olivine melilitites. 
Fig. 1 also shows that there is not only an increase in adjusted 
Mg-values from the Hawaiian to the South African olivine melilitites, but 
Table 7 Possible primary olivine mel il itites from different areas 
(all calc. volatile free) 
Hawaii Texas Hessen 2927 S-Africa 
Si02 38.0 39.2 39.6 
Ti02 2.6 3.3 3.4 
Al 2o3 l l. l 9.8 l l. 3 
Fe2o3 5.0 3.3 4.6 
FeO 8.9 8.3 7.0 
MnO . 3 . 2 . 2 
MgO 1 3. 7 15.5 l 4. 9 
CaO 12. 9 15.5 l 3. 3 
Na 2o 4.9 2.8 2. 6 
K20 1. 3 l. 2 l. 8 
P205 l. 3 . 9 l. 3 
Hawaii =anal. 68 TSV-1 Jackson and Wright (1970) 
Texas =anal. 24 Spencer (1969) 
Hessen =anal. 6, Lohman (1964) 
38.0 33.3 
2.8 3.2 
9.5 7.3 
4.3 6.0 
9.2 7.3 
. 2 n. d. 
l 6. 3 l 9. 6 
1 3 . l 1 6. 7 
3.8 2.6 
1 . 4 2.0 
1 . 3 1. 9 
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also an increase in Ca0/Al 20 3 , Ca0/Na 20 and a decrease in Al 20 3 /Ti0 2 
and Na 20/K20 . CaO/MgO appears to be fairly constant from Texas to South 
Africa, but is slightly higher in Hawaii . Increasing Ca0/Al 20 3 and 
decreasing Al 20 3/Ti0 2 can be explained by increasing amounts of garnet 
relative to clinopyroxene and ilmenite in the residue. Since clinopyroxene 
is the main carrier of CaO and Na20, change in CaO/Na 20 ratio of the liquid 
must be explained in terms of partition relationships between Na and Ca 
in residual pyroxene and liquid. Any partial melting model for the origin 
of olivine melilitites also should consider the rather constant CaO/MgO 
ratio . Exceptions are the Robertson and Spiegel River localities (lower 
CaO/MgO) and Hawaii Islands (higher CaO/MgO). Partial melting models also 
have to explain the increase of CaO + MgO and slight decrease of Si0 2 
(Fig . 6) from Hawaii to South Africa. The abundances of K20 and P 2o5 
(Fig. 7) are similar for Hawaiian and Texas rocks, but markedly higher in 
those from northern Hessen. K20 and P 2o5 vary rather widely in olivine 
melilitites from the Schwabische Alb and South Africa, but average values 
are similar to those from northern Hessen. To illustrate differences 
and similarities between olivine melilitites from various areas , analyses 
from each area discussed were selected and are given in Table 7. 
The olivine melilitite from Gran Canaria is very similar to the 
melilitites from Texas and Hessen. The Cape Verde Island melilitites 
resemble closely those from the Schwabische Alb. Thus, olivine melilitites 
from oceanic islands close to the African continents have chemical features 
of melilitites from continents. These two islands or island groups are 
also the only ones with carbonatites reported. 
Olivine melilitites - kimberlites 
Apart from one report, where a pipe breccia (probably olivine 
melilitite) in Siberia with a solid olivine melilitite core contains 
diamonds (Ukhanov, 1963), there are no other reported occurrences of 
Si02 
40 
35 
I 
30i 
Fig . 6: Comparison of olivine rnelilitites and kirnberlites from different areas . 
All analyses were calculated volatile free before plotting. 
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olivine melilitites with diamonds or with diamond-bearing kimberlites . 
Certainly, olivine melilitites occur in similar areas to diamond-bearing 
kimberlites but as age and distribution of olivine melilitites and kim-
berlites in South Africa show, they erupted in separate areas at different 
times, yet with a possible systematic pattern in space and time. The 
Gibeon and Bushmanland province in southern Africa are the only areas 
known to me, where olivine melilitites (and prophyritic monticellite 
peridotites)occur together with non-diamondiferous kimberlite. 
In part 4 of this chapter, I have tried to narrow down possible 
kimberlitic compositions and argue that these are approached closely by 
analyses with CaO < 11% (all analyses calculated volatile-free) and 
Si02 < 40%. If these analyses from Russia and Lesotho are plotted in a 
Si02 vs. CaO + MgO diagram (Fig. 6), they form a continuum with the spec-
trum of olivine melilitite compositions . Thus, I propose that kimberlites 
are very similar to the most undersaturated olivine melilitites except 
that MgO is 3 to 4 times higher than CaO in kimberlites, whereas it is 
only slightly higher in olivine melilitites. An explanation for this 
difference may be a most essential factor in models of the generation of 
kimberlitic magmas . 
Olivine melilitites - olivine nephelinites 
These are commonly very closely related in space and time and 
show a continuous spectrum in chemical compositions. This may be explained 
by different degrees of partial melting and/or the presence of varying 
gas species compositions (see Frey and Green, in prep. and Chapter V ). 
Olivine melilitites - carbonatites 
I would like to stress two points: -
1) olivine melilitite as defined in the introduction (larnite-normative, 
modal melilite and olivine and with an Mg-value compatible with a primary 
origin) is very rare or absent in many carbonatite complexes; 
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2) carbonatite is apparently always the latest phase to intrude into such 
complexes and generally only occurs when there are also low pressure d e riva-
tives such as meltegieite-ijolite, trachytes and phonolites present . 
This r elationship suggests the operation of low pressure processes 
in the derivation of carbonatite, whether the latter rocks are derived by 
liquid immiscibility, as residua by fractional crystallization or by 
precipitation from a fluid phas e . None of these processes have been prove n 
conclusively to explain the features of carbonatite with the possible 
exception of Na-rich carbonatites (liquid irnmiscibility, Koster van Groos 
and Wyllie, 1966). 
It is inferred that olivine melilitite, olivine nephelinite and 
less probably, basanite are the ultimate parental magmas to carbonatite 
complexes, but geological settings allow in some cases the development 
of such complexes, whereas under different circumstances, gas-charged 
olivine melilitites or nephelinites erupt st raight to the surface. 
CHAPTER III 
PRELIMINARY EXPERIMENTS 
1. Experimental and Analytical Methods 
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Experimental studies were mainly carried out on olivine melilitite 
2927 from Laughing Jack Marsh, off Lyell Highway near Lake St. Clair, 
Tasmania (Sutherland, 1973). Since the rock contains xenocrysts and 
xenoliths of typical spinel lherzolite, chips free of obvious xenoliths 
and xenocrysts were selected and crushed. The analysed powder (Table 8) 
was fused to a glass, and re-analysed for Fe 2o3 and FeO by spectro-
photometric methods (Kiss, 1974) and for other major elements by the 
electron microprobe (Table 8). 
A piston-cylinder apparatus was used for studying the near-
liquidus phase relationships in olivine melilitites. Three different 
furnace assemblies are used routinely at ANU. The assemblies ·for dry and 
wet runs under " furnace buffered" conditions are described by Green et al. 
(1966). The third assembly developed for use with an external hydr o gen 
buffer is shown in Fig . 8. The temperature distribution within this 
assemblage was calibrated by W. 0. Hibberson and is shown in Fig. 9. 
A Pt/Pt90Rh10 thermocouple was used throughout the study and no pressure 
correction was applied to the emf vs. T calibration. 
A friction correction of -10% is applied at ANU for the piston -
in-technique . This friction correction was established by Green et a l. 
(1966) who found the quartz-coesite transition at 1100° C, 31.8 kb when 
using silver chloride outer+ boron nitride inner sleeves as the pressure 
transmitting medium. The internal strength of silver chloride+ boron 
nitride is considered to be negligible so that essentially no friction 
loss occurs contrary to a simple talc sleeve or the outer talc+ inner 
boron nitride sleeves where the transition is found at 1100° C and 35 kb. 
Green et al . (1966) concluded that a -10% friction corr ection is sufficient 
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Fig . 9 : Temperature calibration for . 218" inner diameter graphite 
s l eeve in a . 5" d i ameter core assembly at 30 kb, 800 - 1400°c 
for the piston-in-technique when using a simple talc or talc+ boron 
nitride assemblage and expected an accuracy of ±3 % at pressures great er 
than 15 kb . I have found the albite ~jadeite+ quartz reaction at 
600 ° C to occur between 16 .5 kb and 17 kb± .5 kb when using a talc or 
talc+ boron nitride pressure transmitting assembl y and applying a 
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-10% friction correction. This is slightly higher than the preferred 
average value of Johannes et al . (1971) at 16.3 kb for piston-cylinder 
apparatus and within the range of Hays and Bell's (1973) value between 
16.2 kb and 16.7 kb obtained in a gas-apparatus . Pyrex sleeves were used 
in place of inner boron nitride sleeves in many of my experiments, 
especially in those where an external buffer was applied. The strength 
characteristics (pressure transmitting characteristics) of pyrex glass 
sleeves at high pressure have not been thoroughly investigated and their 
use may cause a somewhat larger pressure uncertainty. But note that it 
is mainly the outer and not the inner sleeve which causes friction losses. 
Microprobe analyses 
Mineral and glass analyses were carried out with a TPD electron 
microprobe (Fontijn et al., 1969) with an energy dispersive analytical 
system (Reed and Ware, 1973 and 1975). Conditions of analysis and 
accuracy are described by Reed and Ware (1975). 
2. Experiments Under Dry Conditions and with Various Water Cont ent s 
Reconnaissance studies have been carried out between O kb and 
40 kb with water contents from 0-40 wt.%. Run conditions, run products 
and microprobe analyses of near-liquidus phases are given in Table 9. 
The hydrogen fugacity of all runs is fixed by the innate hydrogen and 
oxygen fucacity of the furnace assembly (talc, graphite, boron nitride) 
and is probably slightly higher than that generated by a NNO buf fer 
(MH buffer is reduced very rapidly, NNO buffer r educes more slowly to Ni). 
The oxygen fugacity is therefore slightly lower than that of a NNO buffer 
TAIILE 9 . Hineral analyaea o ( experiments with olivine melilitite + H20. Al l Fe•• Fe<> . 
No. 
S 102 
TI01 
Al203 
Cr203 
r,o 
HnO 
HgO 
c.o 
N•iO 
K20 
SI 
Tl 
Al 
Cr 
r. 
Hn 
Hg 
Ca 
Na 
K 
Sum 
5242 
10 
1410 
ol 
4 I. I 
9. 4 
1,8. 6 
1.0 
1.006 
. 192 
I . 771 
.02 6 
2.994 
52)8 
20 
11,50 
ol 
4 !. ) 
8.) 
49 . 7 
. 8 
1.005 
. 169 
1 .802 
. 020 
).000 
Hg /Hg+Fe 90 . 2 9 !. 4 
No . 
S 10, 
Tt02 
Al 1o3 
C~203 
r,o 
Hno 
11~0 
c.o 
Nn20 
K20 
SI 
Tl 
Al 
Cr 
Hn 
Mg 
Ca 
Na 
I( 
Su 
11g /11g+ Fe 
44 79 
20 
33 
1160 
ol cpx 
40 . 7 53.3 
.3 
2.8 
.4 
11.6 2. 7 
47.6 16 .4 
. 1 23. 4 
• 7 
l. 005 1. 939 
.008 
.118 
.013 
. 2)9 .082 
1.748 .89 1 
. 004 . 911 
.051 
2.996 4.01) 
88.00 91.6 
4712 
)5 
1580 
o l 
4 I. 0 
• 5 
9 .2 
48 .0 
. 9 
.44 
I. 004 
.015 
. 188 
l. 74 9 
. 02) 
. 021 
) . 000 
90 .) 
4)26 
)0 
1200 
o l 
40.5 
. ) 
12.9 
. 2 
45 .5 
. 6 
1 . 007 
.008 
.268 
.004 
1 . 686 
.016 
3.000 
86.) 
cpx 
51. I 
.8 
6 . 2 
. 3 
3 . 8 
15 . 0 
21. 5 
1. 4 
. l 
l. 863 
. 021 
. 266 
.008 
. 114 
.8 17 
.841 
. 097 
. 005 
4.03 1 
8 7 . 7 
4))5 
10 
25 
12 50 
ol 
42 . 6 
9 . 9 
49 .8 
. 3 
l. 0 15 
. 197 
! . 768 
.006 
2.985 
90 . 0 
4458 
20 
) 5 
1180 
4464 
20 
)5 
1160 
ol 
40.7 
11 . 3 
47. 7 
. 3 
1 .002 
.234 
l. 7 54 
.007 
3. 000 
88.2 
cpx ol 
54.2 40 . 8 
.3 
) . 1 
• 5 
2.7 11.4 
16.4 47.4 
2). 5 . 4 
.6 
1. 944 !. 007 
. 006 
. 1)1 
.013 
.082 .235 
.875 1.742 
.902 .009 
. 040 
3.994 2.993 
91.5 88.1 
cpx 
54.0 
• 2 
).0 
• 4 
2.6 
16. 5 
2 3 . 1 
.4 
1. 954 
.004 
.127 
.010 
. 077 
.8 90 
. 895 
.030 
).989 
92 . 0 
4)28 
10 
25 
1200 
o l 
40 .6 
I !. 2 
4 7 . I 
• 3 
1 . 009 
.2)2 
l. 71,2 
.008 
2 . 991 
88.2 
cpx 
52.7 
. 5 
4 . 8 
• 7 
3.7 
15.4 
2) . 2 
• 9 
1.887 
.01 4 
. 204 
. 021 
.110 
. 82) 
.89) 
.06) 
4.015 
88.2 
4466 
20 
35 
1140 
o l 
40 . 2 
13. 9 
4 5. 7 
. ) 
1. 002 
. 289 
1. 700 
.007 
2.998 
85.5 
c px 
53 .4 
.3 
).0 
. 2 
3 . 4 
16. 2 
22 . 9 
• 5 
.1 
1. 944 
.008 
.128 
.007 
.104 
. 877 
.89) 
.037 
.005 
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89 .4 
4)2) 
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1150 
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.8 
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.290 
1. 689 
.010 
2 . 995 
85. 4 
15 .2 
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o l 
40 . 9 
15 . ) 
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45 . 0 
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1. 010 
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.009 
2.990 
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cpx 
50.2 
1. 2 
6.4 
• 3 
4 .1 
14 . 7 
22. 6 
. 9 
. 1 
l . 830 
. 03) 
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. 010 
. 126 
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. 884 
.065 
. 00) 
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o l 
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. l 
48.0 
. 4 
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. 009 
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16 . 6 
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.007 
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within the charge, when a free H20 vapor phase is present and even lower 
but of an unknown magnitude under vapor-undersaturated conditions 
(Whitney, 1972) . 
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Near-liquidus phases up to 40 kb are olivine and olivine+ clino-
pyroxene (Table 9 and Figs. 10 and 11). Garnet appears only in one experi-
ment (No. 4477, 40 kb, 1160°C, 20% H20) t _ogether with olivine and clino-
pyroxene, about 50° C below the liquidus. Quench mica, quench amphibole, 
quench clinopyroxene and ?apatite (a Ca- and P-phase appears in practically 
all runs and it is not clear whether it is primary or a quench product) 
are common . 
5-8 analyses were obtained on each primary phase. The analyses 
given in Table 9 and plotted in Fig.11 are selected by choosing those 
with the best structural formula and the lowest obvious quench influence 
(= low Ti and Al content) which usually coincides. Mori (1976) gives 
an empirical temperature dependence of Fe/Mg distribution between olivine 
and clinopyroxene for pressures between 30-40 kb which is shown in Fig. 12. 
Runs with 10% H20 close to the liquidus agree very well with this empirical 
formula, but those with 20% H20 added are significantly different (Fig.12). 
The pyroxenes from these experiments always have structural formulae with 
totals <4.0, whereas those from experiments with 10% H20 have totals from 
4 . 01-4.06 (Table 9). This could mean a higher oxygen fucacity in the 
10% H20 runs, expressed especially in acmite component of the pyroxenes, 
since Na 20 is significantly higher in the 10% H20 than in the 20% H20 
runs. A higher oxygen fugacity in runs with less H20 appears surprising , 
however, this appear s to be the best explanation . Fig . 11 shows that 
all clinopyroxenes at all investigated pressures and temperatures are 
very Ca-rich and plot far from the clinopyroxene limb of the pyroxene 
solid solution gap (Mori, 1976). This makes it unlikely that there are 
any P,T conditions where orthopyroxene is at the liquidus of olivine 
melilitite in the presence of H20 alone. 
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If olivine melilitite is a partial melting product of a peridotitic 
mantle composition orthopyroxene and garnet have to be amongst the residual 
phases (as outlined in the introduction) and such a primary melt should 
be saturated with olivine , orthopyroxene, clinopyroxene and garnet under 
the correct P,T , PH
2
0 conditions . Since olivine and olivine+ clinopyroxene 
are the only near-liquidus phases under any P,T conditions up to 40 kb in 
the presence of H20 , it is concluded that the olivine melilitite cannot 
be a partial melting product of a peridotitic source rock in the pres enc e 
3 . Experiments in the Presence of CO2 
Extensive natural evidence [primary carbonate in kimberlites 
(e . g ., Deines and Gold , 1 973) , carbonatites, fluid inclusions in olivine 
and diamond , sampled volcanic gases] suggest that CO2 is released from 
the upper mantle. Experimental petrology showed that CO2 is not an in.ert 
gas phase , but rather that it is significantly soluble in silicate melts 
at higher pressures (e.g. , Hill and Boettcher, 1970; Green, 1973; Eggler, 
1973) and that its presence in peridotitic source material shifts the 
composition of the initial melt to more silica-undersaturated compositions 
(Eggler , 1973) . All this pointed towards experimentation with CO2 in the 
search for possible conditions of origin of olivine melilitite. 
3a . Runs with water and graphite added 
A quick reconnaissance of possible effects of carbon solubility 
at low oxygen fugacities (no external buffer was applied, the hydrogen 
fucacity was therefore slightly higher than that of NNO) was carried out 
using mixtures of olivine melilitite glass+ 5 wt.% C and varying water 
contents (10-30%) . In some runs at 30 kb, orthopyroxene and orthopyroxene 
+ garnet occurred near the liquidus but other runs at similar temperatures 
yielded clinopyroxene, or clinopyroxene +garnet+ olivine. Gas release 
after the runs and examination of polished mounts showed variation in the 
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extent to which carbon remained as graphite or was oxidised with loss 
of hydrogen from the charge and it was apparent that equilibrium between 
the volatile species, the liquid and the environment external to the 
capsule was not obtained. The appearance of orthopyroxene and garnet 
warranted further study of the roles of CO2 and water by applying a method, 
which ensured controlled experimental conditions. 
3b. Prel5-mi.nary runs with known CO2 and H20 contents 
Boettcher et al. (1973) used silver oxalate (Ag 2C204) as 
a means of adding CO 2 to silicate charges under controlled water and 
oxygen fugacities, because silver oxalate decomposes at moderate tempera-
tures to elementary silver (inert towards the silicate melt) and CO2. 
Boettcher et al. (1973) found it necessary to maintain relatively high 
oxygen fugacity in the charge by u~ing an external magnetite-haematite 
buffer and double capsule technique (Eugster and Skippen, 1967) to ensure 
a pure C02-H20 mixture in the free vapor phase. We wished to carry out 
our experiments under conditions, at least in part, where there is no 
free vapor phase and to explore the effect on liquidus temperature and 
nature of liquidus phases of mole for mole replacement of H20 by CO2, both 
volatile species being dissolved in the silicate melt, at least for low 
CO2 contents. One series of runs on the join olivine melilitite -
(H20 + CO 2 ) was carried out at 30 kb with magnetite-haematite external 
buffer. In runs with no vapor phase, hydrogen fugacity within the silicate 
melt is buffered by the magnetite-haematite buffer and oxygen fugacity in 
the melt is lower than that of the buffer assemblage (Whitney, 1972). 
Similarly, in runs with higher CO 2 content in which there is a free vapcr 
phase, oxygen fugacity is lower than the magnetite-haematite buffer 
depending on the C0 2 /H20 ratio of the vapor phase (Boettcher et al., 1973). 
The CO2-free runs contained 20 wt.% H20 entirely dissolved in 
the silicate liquid at 30 kb, T > 1160°C; water-free runs contained 
28 wt.% CO2 but this was not entirely dissolved in the liquid and a vapor 
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Fig . 13 : Liquidus and liquidus phases of olivine melilitite 
2927 as a function of~ 0 at 30 kb. Circles represent garnet , crosses opx , diamonds cpx and x = olivine. 
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phase was present. Results of experiments are shown in Fig.13 as functions 
of temperature and XH O = (H 20)/(H 20 + CO 2) (mole fraction). The liquidus 2 
temperature increases only ~20°C from XH O = 1 to~ 0 = .6, no free 2 2 
vapor phase was observed and CO 2 is apparently soluble in the melt for 
C0 2/H 20 (mol) < 1. Liquidus temperature increases sharply and a vapor 
phase is present above the liquidus for~ 0 = .35 and~ 0 = 0. The 2 2 
CO 2-saturated liquidus is 70 °C below the liquidus for "dry" conditions 
(magnetite-haematite buffered, no added H20 or CO 2) . However, runs 
ostensibly with "pure CO 2" or "dry" runs which used the external Ml-I buffer 
were in fact not water-free. This is demonstrated by the OH-vibrations in 
the infra-red spectra for these experiments (Chapter IV). We infer that 
rapid migration of hydrogen from the buffer assemblage into the charge 
reduced the liquidus temperature to that appropriate for about 1% H20. 
A higher liquidus temperature was obtained for unbuffered, dry runs 
(Fig. 1~ where there is no source of hydrogen immediately external to 
the sample capsule. Thus the liquidus for olivine melilitite + CO 2 should 
also be at higher temperatures than that observed for the MH buffered run. 
This was confirmed by later experiments (Chapter IV). 
With increasing CO 2 content, the liquidus phases change from 
olivine for runs with pure water, to garnet (? + opx) for ~
20 
= .82, 
orthopyroxene for~ 0 = .6, and garnet for~ 0 = .35 and~ 0 = 0. 2 2 2 
Below the liquidus, orthopyroxene ± clinopyroxene crystallize together 
with garnet. Quench phases are mica, amphibole , clinopyroxene, apatite and 
carbonate and in all runs except those containing only CO 2 , the quenching 
process yields crystalline products and not glass. The quench character 
of mica and amphibole is demonstrable both on textural and compositional 
grounds in comparison with co-existing primary phases. However, the car-
bonate (analysis Table lQ) is iron-rich dolomite and is interpreted as 
quench on the basis of absence of euhedral crystal shapes and interstitial 
habit in relation to both euhedral primary phases and euhedral to subhedral 
quench mica and amphibole . 
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In run 5001 at 1160°C, ~
20 
= 0.6, titanomagnetite was present 
and anylyzable. The occurrence of titanomagnetite rather than ilmenite 
and the high andradite content of analyzed garnets (Tablel~ contrasts 
with natural Ti02 -bearing garnetiferous mantle-derived assemblages (garnet 
peridotites , eclogites) in which garnets are characteristically low in 
andradite and, where accessory ilmenite occurs, the ilmenite contains 
very low Fe2 o3 in solid solution (Green and Sobolev, 1974). Thus we infer 
that the experiments buffered (for hydrogen fugacity) with the magnetite-
haematite buffer created oxygen fugacity conditions within the capsules 
which are unrealistically high for natural mantle conditions. 
Nevertheless , it was preferred to continue experimentation under 
MH buffered conditions since there is practically no information so far 
on the behaviour of the system C-0-H under high pressures and low oxygen 
fugacities and Holloway ' s and Reese's (1974) equilibrium calculations up 
to 10 kb and 1200°C leave open the possibility that graphite actually 
precipitates at 30 kb under NNO buffered conditions . Our experiments with 
NNO buffer have yielded no evidence for reduced carbon after the run, 
but gave inconsistent results partly due to gross migration of Ni into 
the charge . The problem of nickel contamination and uncertainty on the 
composition of the volatile species under such oxygen and hydrogen 
fugacities led us to continue experimentation mainly with the MH buffer, 
when the presence of both H20 and CO2 was desired. The preliminary 
experiments clearly showed that : 
(a) CO2 can lower the liquidus temperature of silicate melts (the liquidus 
increases only slightly in Fig .13 until XCO ~ .4) and is therefore con-
2 
siderably soluble in such melts . 
(b) The presence of dissolved 'CO2 ' brings garnet and orthopyroxene onto 
the liquidus of such undersaturated compositions as olivine melilitite. 
These results clearly warranted further study. Since there was so little 
data in this new field of investigation, our next aim was to establish the 
solubility mechanism(s) of CO2 and the dependence of CO2 solubility on 
P , T, fH
2
0 and composition of the silicate melt. 
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CHAPTER IV 
CO 2 SOLUBILITY AND SOLUBILITY }IBCHANISM(S) IN SILICATE MELTS AND 
SOLUBILITY OF SOLIDS IN A CO 2-RICH VAPOR PHASE 
Contents : 
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CO 2 solubility as a function of temperature 
CO 2 solubility as a function of pressure 
C0 2solubility in the presence of H20 
Solubility mechanism(s) of CO 2 in silicate melts 
4. Conclusions 
5 . Solubility of Solids in a CO 2-Rich Vapor Phase 
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1. Introduc tion 
Silicate melts containing CO 2 can be quenche d to a glass in high 
pressure experiments. The glass is clear, bubble-free and contains little 
or no quench-carbonates when quenched from just above the liquidus. The 
quench products are less satisfactory with increasing temperatures, i.e., 
from well above the liquidus, and tiny bubbles and more quench-carbonates 
appear. For quantitative CO2 determinations, it is assumed that practically 
all CO2 dissolved in the melt at run conditions is retained in the glass 
during quenching. This assumption is supported by agreement of direct CO 2 
measurements in glasses and chemographic determination of the maximum 
solubility of CO2 (i.e., more and more CO2 was added to the charge, until 
no further lowering of the liquidus temperature occurred; see Chapter V 
for olivine melilitite). Direct measurements of CO2 in quenched glasses 
should therefore give values close to the actual solubility of CO2 under 
run conditions. Several quantitative and qualitative methods are available. 
2 . Methods of CO 2 Analysis 
a) Indirect analysis by microprobe. 
Analysis of the quenched glasses by microprobe for major elements 
gives consistently low totals, when CO2 is present. The difference from 
100% was originally assumed to correspond to the CO2 content (Brey and 
Green, 1975), but this method gives at least twice the amount actually 
present (Eggler, 1973; Eggler and Mysen, 1976; Brey and Green, 1976), 
a phenomenon which has not yet been adequately explained. The microprobe 
technique can still be used to show relative solubilities over a P,T 
range. 
b) Quantitative analysis of CO 2 and H20 by gas chromatogra phy . 
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Table 11 Accuracy of gaschE?rnatogr~Eh!c de termina t ion of co 2 . 
mechanical mix of 
Caco3 11.37 mg 
22.74 mg 34.11 mg 
+ 
Si02 88.63 mg 77 . 26 TI'.g 65.89 
mg 
CO 2 det ermined (%) 
5.2 9.7 15.2 
5.2 9.7 14.8 
CO 2 added (%) 5.0 10.0 15 
sample size used ~o .s mg each determination 
Table 12: Experimental condi tions (all runs at 30 kb ) and CO 2 contents(forternperature depence of COzsolubilityJ 
% I CO 2 added wt 7o Starting T Tir.-i.e Run Nr Material ( OC) . as Ag2c 204 (min) Run products CO 2 (wt %) 
6229 · olivine 1450 28 7 Clear brm,m glass with <<1% I 8 . 8 
·melilitite quench carbonates 9 . 2 
I 
·6261 
. ~ 6266 II 1470 20 7 as f or 6229 9.4 6267 · t 
6231 II 1550 28 7 Brown glas s with sub-micro- 8.2 
sc.opic dus t; <1% quench c2rb -
onates 8 . 8 
6232 11 1650 28 7 Brown glass with numerous tiny 8.3 
bubbles ; 1-2% quench carbonates I 
H2o 
I 
1.0 
0.6 
0. 2 
0.2 
~re thod 
gas:.tr o:n . 
gravi:netric 
on 27 . 7 mg 
gaschrom. 
11 
O'\ 
0 
Table 13a. Run conditions and products of diopside mixture (MgO,Si02,CaC03, no buffer applied) 
Run No. p (kb) T(°C) Run duration Run products 
(rn1n) 
5941 30 1,660 r, di+ V C, 
5943 30 1,700 10 colorless glass+ V; di 
at lower end (away from 
hot spot) of capsule 
5945 30 1,730 8 colorless glass+ V 
Table 13b. CO2 content of diopside glasses measured with the Hewlett- Packard 185B CHN analyser 
Run No. p T Combustion %CO 2 %H20 Eggler et al . , Mysen et al . ,gaschrom. , (kb) (OC) time at 30kb, l,625°C at 2 8 kb , 1, 6 5 0 ° C 
(sec) cl4 
5945 30 1,730 55 5.4 
5945 30 1,730 55 5.1 - 4.8%C02 5.8%C02 
5945 30 1,730 90 6.2 
5945 30 1,730 120 5.8 
594 3 30 1,700 90 5.9 
O"I 
I-' 
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CO2 and H20 can be analysed simultaneously with a Hewlett-Packard 
185B CHN (Carbon, Hydrogen , Nitrogen) analyser . Lindgren et al. (1972) 
used this method successfully for larger amounts (50-100 mg) of rock 
samples and have described the analytical procedure in detail. The CHN 
analyser at ANU is set up for the analysis of very small amounts of 
sample c~o.5 mg) of organic substances. Analysis of silicate glasses 
in such amounts yields results comparable with other methods (Table 12). 
The sample (glass splits from experimental runs) is placed at the end of 
a rod in an aluminum container, kept in the gas stream in a separate 
chamber at about 70 ° C for several minutes to eliminate atmospheric gases 
and is then pushed into the combustion furnace (l,055 °C) . A combustion 
time of 55 secs is routinely used for organic samples and an increase 
to 90 seconds yields a small increase in CO2 content for the silicate 
glasses . Larger combustion times gave the same yield (Tablel3). The 
H20 and CO2 released are carried into a gas chromatographic system by a 
continuous helium stream and separated in a column filled with Porapak 
Q-80-100 mesh column packing . CO2 and water then sequentially enter a 
thermal conductivity detector. The detector develops electrical signals 
proportional to the concentration of H20 or CO2 respectively in the 
carrier gas. The peak area of the signal is measured by an electronic 
integrator and compared to that of a standard sample. 
The accuracy of the method was tested with mechanical mixtures 
of Si02 and CaC0 3 with CO 2 contents of 5, 10 and 15 wt.% (Table 11) and 
Ag2C03 (which contains 16% CO 2 , repeated analysis gave 16 ± .1%). 
A check of the precision of the method for the analysis of 
silicate glasses is more difficult due to the lack of suitable standards. 
To provide a check by an independent method, the products of three experi-
ments on olivine melilitite + CO 2 (run no. 6261, 6266 and 6267 all at 
30 kb , 1470°C, excess CO 2) were mixed together and analysed for CO2 by a 
conventional gravimetric method (Ching Siang Yeh , 1973) where relatively 
large amounts of sample are required. The sample was decomposed at 
950-957 °C in the presence of V205 as a flux . CO2 was absorbed on LiOH 
and gravimetrically determined. The result is in good agreement with 
values obtained by gas chromatography of glasses from similar P,T condi-
tions (Table 12, Fig. 15). On the basis of this result and the tests on 
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carbonate+ silicate mixes noted above, analysis by gas chromatography is 
considered to give reliable data. The spread of the analytical data 
suggests an accuracy of ±0.5 wt.% CO2 fo~ the analysis of silicate glasses 
+ CO2 . All quantitative CO2 analyses were carried out by the micro-
chemistry service unit of the Australian National University under the 
supervision of Dr. Fildes , John Curtin School of Medical Research, ANU. 
c) Analysis by the cl4 method (Mysen and Seitz, 1974). 
Mysen et al. (1975 and 1976) attempted to determine CO2 contents 
in glasses doped with cl4 by counting the tracks of beta particles in a 
nuclear emulsion placed on the sample and comparing the track intensity 
with that of a standard with known CO2 content and radiation activity. 
However, the data obtained by gas chromatography and the cl 4 method are in 
serious disagreement (see below and Brey, 1976). I consider gas chroma-
tography as an accurate , reliable method for reasons discussed in 
Chapter IV, 3, but cannot yet advance reasons 
for the inferred error in the beta-track counting method. A project to 
compare the various methods between the two laboratories is in progress 
and its present status is described in a separate paragraph in the 
appendix . 
d) Infrared spectroscopy. 
Infrared spectroscopy of silicate glasses containing CO 2 was used 
to establish how CO 2 is dissolved in silicate melts, but can also be 
used to establish relative solubilities over a P,T range. 
The spectra were obtained on a Perkin-Elmer 457 Grating Infrared 
Recording Spectrophoto.meter in the frequency range of 4,000 cm -i to 
Olivine Melilitite 
,-----.. 5050 
w 1--------... 
u 
z 
<{ 
C!l 
o::: Olivine Bosanite 
0 
V) 
C!l .-----.. I Atmos. 
<{ 
1893 
~000 3000 2000 1600 
WAVENUMBER (C M-1) 1200 800 ioo 
l•' ig . ]4 : ln rl'.l - l'('d Spt't'(J';t rrnlll g iaSSCS HS d('S(TilH'd ill 'f',tlJ!c ]4. :\hsnrh,tll('(' h ,llldS HJ'OUllcl 
:l-1-:itl cm ' arc duf' to OH - vibrati o ns , ca rbonate m o lcc·11les s ho,,· st ro ng abso rban cc bchH•e n 
1·-t-OO cm ' and l uOtlcm- 1 a nd a ro und 50 cm - 1 , and SiO~ bands li e around 1000cm- l a 11d 
l>(Hl cm- 1 
T able 14. H1111 delail H for cxpl'l'i lll l' llts t·o ntai11i11g g l,tsHl'R su lij t'dcd lo infra- rl'd s p<' d rogrnph~· 
i\ O. 
5( 1Gll 
. ,0-1-1 
18!):l 
2(i:i( l 
('0111 -
posil ion 
0 1-mc lili tilc 
Ol-rn c lilitit c 
Has, 111 it f' . 
( : J'( '(' ll 
(J!)?:Jh ) 
Hasa n i lt', 
( : 1'('(' 11 
( H)7:l h) 
( '0 2 nclcled H 20 Buf- l' '/1 
aH fe r (kl> ) (0 ( ') 
i\J H :w 1470 
IH :w J 4( )() 
i\ l H :rn t :)8() 
l' 1 w I osc·d pn'S(' ll(. 2!) I 2!i0 
in g ra pltilt• 
C'a p. 11 le 
lrn( llllkllO\\' ll 
a,1110 11 ll t 
Ca ps ul e Products at 
the end of rnn 
Pt 
l' t 
Pt 
( :rn plt-
i t (' 
pale bro\\·n g lass 
p a le li row n g lass 
vny litt le q -carb. 
Ca hro"·n glass 
ve ry litt le q-carh. 
bro \I'll g I ass 
sta rtin g mater ial . g l,1ss 
64 
65 
250 cm-1. Some spectra were run in nitrogen gas to avoid any atmospheric 
influence. The samples were ground to about 25 microns. 1-2 mg were 
mixed with about 200 mg KBr and pressed to a tablet. The slit program 
was set on N (= normal), scanning speed was set on "medium" (= 400 cm- 1 /min 
between 4,000-2,000 cm-1 and 200 cm- 1 /min between 2,000-250 cm-1) except 
for the region between 2,450-2,300 cm- 1 , where it was set on "slow" 
(= 100 cm-1/min). The reason for the "slow-scan" interval was to care-
fully check for the presence or absence of the relatively sharp CO2 peak 
occurring in this region (Fig. 26). Examples of such spectra are shown 
in Fig. 14- If, as it appears from Fig. 14, all CO2 is dissolved in a 
silicate melt as a co~- - molecul~, then the ratio of the area under the 
CO§- -peak and the Siot- -peak is a qualitative measure of the amount 
of CO2 in the glass. The higher the ratio the more CO2 is dissolved in 
the glass. A sequence of experiments on one particular silicate compo-
sition can be compared with each other to establish the relative change 
in CO§- -solubility with change in experimental conditions. 
3. Experimental Results on CO 2 Solubility in Silicate Melts 
CO 2 solubility as a function of temperature 
The temperature dependence of CO 2 solubility in olivine melilitite 
2927 was established at 30 kb. In this series of runs and in all further 
runs, CO 2 (28.3 wt. %) was added as Ag 2c 2o 4 unless otherwise mentioned. 
The runs were carried out in a Pt-capsule for 7-10 mins with no external 
buffer applied. This worked successfully for olivine melilitite + CO 2 , 
if the surrounding furnace assemblage was kept as dry as possible. CO 2 
was not reduced to graphite and retention of excess CO 2 was indicated by 
large cavities within the quenched glass and by escaping gas when the 
capsule was pierced . Those charges which quenched to a glass from a 
sequence of runs above the liquidus were analysed for CO 2 and H20 by 
gaschromatography. Run conditions, run products and analytical results 
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Fig.15a . Temperature dependence of CO 2 solubility in olivine melili-
tite at 30 kb. Dots represent data determined by gas-
chromatography, the star by gravimetry (analyses Laboratory 
Dr Fildes). The left curve shows the co2 solubility in 
olivine melilitite as determined by the c14 method 
1700 
• 
1600 
• 
1500 
• 
.4 .5 .6 .7 
CO~/SiO:-
b. Ratio of infrared absorption intensities 
CJ'\ 
CJ'\ 
are given in Table 12 and Fig . 15. Despite the somewhat larger uncer-
tainty at higher temperature due to the imperfect quenching previously 
described, the data show that the solubility of CO2 decreases slightly 
with increasing temperature. This is in contrast with Mysen's et al. 
(1975 and 1976) pronounced positive temperature dependence in various 
silicate melts (CO2 analysis by the c14-method). These authors found 
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the largest effect in an oxide mix matching the olivine melilitite used 
in our experiments (Fig. 15 ). Our data obtained by gaschromatography 
are supported quantitatively by a gravimetric CO2 determination (Table 12 
and Fig. 15) and qualitatively by CO§-/SiO~- ratios from infrared spectra 
(Fig. 15 ). Moreover, 
my new gaschromatrographic data on albite and diopside (see Chapter IV, 
5) are in accordance with Mysen's et al. (1976, Table 2) uncorrected 
gaschromatographic data, e.g., on albite melt 2.1% CO2 at 30 kb, 1450°C 
(this work) and 2.0% CO 2 at 25 kb, 1380°C (Mysen et al., 1976) ·and on 
diopside melt 5.9% CO 2 at 30 kb, 1700° C (this work) and 5.8% CO 2 at 28 kb, 
1650°C (Mysen et al., 1976). The latter agreement contrasts with the 
value of only 4.8% in diopside melt by the c14 -method at 30 kb, 1625°C 
(Eggler et al., 1974). The negative temperature dependence is expected 
to hold at lower pressures also, based on arguments on mixing entropies 
of gases advanced by Mysen et al. (1976) in analogy to Davis and Burnham's 
(1974) work on the solubility of H20 in silicate melts. 
CO2 solubility as a function of pressure 
The pressure dependence of CO 2 solubility in olivine melilitite 
2927 was established from experiments just above the liquidus, since 
these yielded the best quenched glass. Since the temperature dependence 
is very small, the values obtained closely approximate the true pressure 
dependence. Liquidi and the nature of near-liquidus phases in the 
presence of CO2 (usually 28.3%) were established from 5-40 kb under both 
MH buffered conditions and secondly with no external buffer applied 
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(Fig. 16 and 17) and are described below. 
a) Olivine melilitite + CO2 under MR-buffered conditions. 
Olivine is the near-liquidus phase at 5 and 10 kb, pyroxene at 
20 kb and garnet+ pyroxene at 30 and 40 kb. 
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The silicate phases are euhedral although olivine and pyroxene 
show minor quench outgrowth. The silicate minerals and large s ilver 
globules are accumulated at the bottom of the capsule. Microscopically, 
the glass is clear and pale brown coloured in most areas with minor 
patchy occurrences of sub-microscopic 'dust' of fine ?gas bubbles or 
silver globules. Macroscopically, the colour varies considerably from 
run to run from olive green to dark brown (green colours more common at 
lower pressures). Large, spherical cavities, easily seen macroscopically, 
indicate the presence of a free vapor phase. Small carbonate spheres (up 
to 10 µ diameter, see Fig. 18) occur at pressures >20 kb, increasing in 
number with increasing pressure. A small gas bubble, slightly removed 
from the centre, can be seen in the large spheres. These spheres are 
more common near the large vapor phase cavities and particularly aligned 
along the margins of cavities, in some cases being connected with the 
cavities through channels. Quench phases occur at 40 kb, and in those 
runs at 30 kb with lower amounts of added CO 2 (12-18 %). Quench phases 
consist of unidentified, elongate, clear mine~als radiating from a 
nucleation point and intergrown with interstitial carbonate. X-ray 
photographs yield only very diffuse lines and the phases were not iden-
tified. We were not able to consistently bracket the liquidus within a 
small temperature interval at 30 kb and 40 kb (Fig . 16), probably due to 
migration of H2 from the buffer into the inner capsule (this is necessary 
anyway to make the buffer work). Hydrogen up to the equivalent of 1% 
H20 (Fig. 19) migrates into the inner capsule. At these low amounts, only 
a slight variation in H20 content causes a large variation in liquidus 
temperature. Since we · wished to determine the effect of CO 2 alone on the 
liquidus temperature, the availability and access of hydrogen from the 
outer buffer capsule was a source of considerable uncertainty. 
b) Olivine melilitite + CO2 without an external buffer. 
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We therefore carried out experiments using the single capsule 
method and minimized the potential sources of water and hydrogen in the 
furnace assembly, by using pyrex glass rather than boron nitride, by 
firing the furnace components at 1000°C and storing them dry until immedi-
ately before the run . We were not completely successful (note that the 
outermost sleeve of the furnace assembly is made of talc) as weak OH-
bands appear in infrared spectra of glasses , but the following observations 
show that we greatly decreased the availability of hydrogen during the 
runs . A sensitive test for the presence of water in a mafic silicate 
melt is to crystallize it under P,T conditions where amphibole or 
phlogopite would cryst~llize , provided water is present, and use X-ray 
diffraction to detect the presence of this hydrated phase. Thus, two 
capsules with olivine melilitite + CO2 with and without the outer MH 
buffer capsule were kept above their liquidi for 10 min at 30 kb and 
then dropped to 900°C and kept there for 20 min. Biotite and ?amphibole 
crystallized in the MR-buffered run, whereas neither phase was detected in 
the single capsule ' dry, furnace-buffered' run. 
The liquidus is 50-80°C higher than that for MR-buffered runs 
(Fig . 16), where the lower liquidus temperatures are caused mainly by 
migration of hydrogen into the capsule. Olivine is the near-liquidus 
phase up to 20 kb , followed by garnet+ clinopyroxene at 30 kb and 
garnet only at 40 kb . The glasses are light brown under the microscope 
and generally clear. Carbonate droplets as in MR-buffered runs are very 
rare at 30 kb, more common at 40 kb . In runs with lowe r CO 2 contents 
(5-12% CO2), unidentified quench phases occur at 30 kb similar to those 
in Ml-I-buffered runs at 30 kb. The stable silicate phases in below-
liquidus runs are euhedral except for olivine which shows minor feathery 
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quench outgrowth. Microprobe analyses of olivines at ~20 kb show 
decreasing Mg-values with decreasing temperature, consistent with equili-
bration at increasing degree of crystallization. The primary garnet 
crystals (numerous, but small) in the 30 kb-40 kb runs show an unusually 
wide range in their composition (Fig.17) in individual runs. A similar 
result was obtained for the MR-buffered runs. A tentative explanation 
is that this reflects Fe-loss to the capsule since the variation is 
principally in Mg/Fe ratio and previous work has shown that early-formed 
crystals ~ay only partially readjust to changing Mg/Fe of liquid during 
an experimental run (Gr een and Ringwood, 1967). There is a small decrease 
in grossular content of garnet between 30 kb and 40 kb which may indicate 
changing partition relationships between garnet and liquid. · The pyroxene 
compositions vary widely (Fig.17) and plot within the probable two-
pyroxene miscibility gap (Mori, personal communication) but e xtend towards 
the orthopyroxene and clinopyroxene limbs. Our short run durations 
probably do not allow · the pyroxenes to reach their stable compositions 
(Mori and Green, 1975). Longer run times would be required for pyroxenes 
to exsolve to their equilibrium conditions but would result in so great 
a loss of Fe to the Pt containers at these high temperatures that results 
would be of little value. Since our concern is for solubility of CO 2 in 
the melt phase, we prefer to tolerate the absence of equilibrium in the 
pyroxene solid solutions. 
· To determine the CO 2 content, cl e ar glass pieces from runs just 
above the liquidus were handpicked under the microscope to avoid Ag-
globules and quench-carbonate. The results are shown in Fig. 19. CO 2 
solubility increases significantly with increasing pressure from about 
5% at 10 kb to about 10.5% at 40 kb (MR-buffered runs and runs without 
a double-capsule, external buffer give identical results within the error 
limits of the analytical method) . The strong positive pressur e dep endence 
2- 4-is confirmed by microprobe totals (Fig . 20) and co 3 /Si04 ratios from 
infrared spectra (Fig. 20) . 
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Solubility of CO2 in the presence of H20. 
There is no direct way of measuring CO 2 solubility in the presence 
of H20, since the above-liquidus runs do not quench to a glass . It is 
very subjective to attempt to establish the presence or absence of a 
free-vapor phase on textural grounds and therefore, this indirect method 
of determining the CO 2 and H20 solubility is not reliable and may involve 
large errors . Another indirect way to find the position of the vapor 
saturation boundary at a fixed pressure in the system olivine melilitite-
H20-C02 is based on treating the complex system as a 3-component system 
and determining the liquidus temperature profiles along two-component 
joins through the system~ The vapor saturation boundary is marked by a 
kink on the liquidus surface and finding this kink gives the desired 
information on H20 and CO 2 solubility. The method and the necessary 
experiments are described fully in Chapter V, but the results for the 
maximum H20 and CO 2 solubilities in olivine melilitite 2927 at 30 kb are shown 
in Fig . 21 . The small triangle inserted in the figure represents 
the system olivine melilitite-H20-C0 2 in molecular proportions and shows 
the experimentally established vapor saturation boundary at 30 kb. The 
CO2 content along this boundary is plotted in Fig. 21 against the simul-
taneously dissolved H20 content both in molecular ratios and recalculated 
to wt . %. Note that this is a isobaric, but polythermal projection with 
the highest liquidus temperature on the H20-free and the lowest on the 
CO2-free side (Fig. 22 ) . The increase in CO2 solubility (up to 14% CO2 
is soluble simultaneously with 10% H20) could therefore be caused by 
decreasing temperature. However, I have shown above (Chapter IV, 3) 
that the temperature dependence is small for the dry system olivine 
melilitite + CO 2 and so the increased solubility cannot be accounted for 
by decreasing temperature alone (Fig. 22 ). CO 2 solubility therefore 
increases with increasing H20 content and passes through a maximum . A 
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Fig . 21: Solubility of CO 2 in olivine melilitite 
2927 at 30 kb as a function of H20. 
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similar relationship has been shown for diopside + H20 + C0 2(Eggler, 1973). 
CO2 solubility as a function of me lt composition. 
It has been shown previously that CO2-solubility in silicate 
melts is strongly dependent on the melt composition (Mysen et al., 1975 
and 1976; Brey , 1976) . I have examined the role of melt composition in 
determining CO 2 solubility in diopside and feldspar (albite to anorthite) 
melts and in a series of compositions, in which a carbonate (58 mol % 
calcite+ 42 mol % magnesite) was added in various proportions to olivine 
melilitite (Table 15a) . 
a) Olivine melilitite + CC5sMC42 . 
CC5 8MC4 2 is the minimum melt composition in the system calcite-
magnesite at 27 kb (Irving and Wyllie, 1975; the pressure value was 30 kb 
in the original paper but was later corrected to 27 kb, Huang and Wyllie, 
1976, page 129). An additional 10% CO2 in every starting mix (varying 
olivine melilitite/CC5sMC42 ratios) ensured a free-CO2 vapor phase during 
the run . A series of experiments in Pt-capsules were carried out for 
10 mins each at 30 kb, 10 kb and 5 kb with no external buffer applied. 
Experimental conditions and results are shown in Fig. 23. The nature of 
the quenched products depends on composition and pressure. Olivine 
melilitite + CO2 could be quenched to a clear glass at 30 kb, whereas 
high birefringent quench rosettes appear in an olivine melilitite: 
CC5sMG42 = 83 : 17 mixture. Quench crystals increase with increasing 
carbonate content and the charge appears entirely crystalline at the 50:50 
mixture and for higher carbonate contents. The charges appear homogeneous 
and this is confirmed by microprobe analyses (Table 15, beam diameter 
was about 80 mi~rons). The quality of the quench improves with decreasing 
pressure (and decreasing CO 2 content in the melt) and a clear glass can 
still be obtained at 10 kb for 50:50 mixtures . The quenched glass show 
strikingly opalescent colours under the binocular microscope but are 
uniformly brown under transmitted light microscope. The liquidus 
Table 15a: 
2927:CC58MC42:C02 
wt% 
Si02 
Ti02 
-
Al203 
FeO 
MgO 
CaO 
Na2o 
K20 
CO2 
Starting mixes for olivine rnelilitite 2927 + CC58MC42 
75:15:10 60:30:10 45:45:10 30:60:10 
29.55 23.64 17.73 11.82 
2.18 1.74 1.31 .87 
7.35 5.88 4.41 2.94 
9.45 7.56 5.67 3. 78 
14.94 15.21 15.48 15. 76 
15.27 18.48 21.69 24.90 
2.78 2.22 1.67 1.11 
1.05 .84 .63 .42 
17.06 24.12 31.19 38.25 
15:75:10 
5.91 
.44 
1.47 
1.89 
16.03 
28.11 
.56 
.21 
45.31 
-.....J 
CX) 
Table 15b Microprobe analyses (4-6 for each run, beam defocussed ~so microns) of quench products from experiments with 
olivine melilitite 2927 + CC53MC42· All analyses are normalized to 100%. The standard devation is given for 
each element. 
2927:CC53MC42:C02 75:15:10 60:30:10 45:45:10 45:45:10 45:45:10 30:60:10 15:75:10 
pressure [kb] 30 30 30 30 30 . 30 30 
t ernp. [ ° C] 1420 s 1400 s 1500 s 1400 s 1350 s 1350 s 1320 s 
Si02 37.4 . 3 32.8 . 2 27.2 . 2 26.9 .5 27.7 .4 20.6 . 7 11. 7 1.2 
Ti02 2.4 .1 2.0 .1 1.4 .1 1.6 . 1 1.6 .1 1.2 . 1 . 4 .1 
Al 2o3 9.4 .1 8.1 . 1 6.4 .3 6.5 . 1 6.7 .1 5.0 . 2 2.7 . 3 
FeO 7.9 . 4 5. 7 . 2 4.8 .1 4.9 .1 4.6 . 1 3. 7 .1 2.5 . 2 
MgO 18.3 . 2 20.4 . 1 22.5 .1 22.4 . 2 22.3 . 2 24.5 . 3 28.2 1.5 
cao 20.0 . 3 27.2 .1 35.3 . 9 35.1 . 5 34.5 . 5 43.0 . 9 54.0 3.1 
Na20 3.3 . 1 2. 7 .1 1.6 . 3 1.8 . 3 1.8 . 2 1.3 .1 
K20 1.3 .1 1.1 .1 . 9 .1 . 9 .1 . 9 .1 . 7 .1 . 5 . 2 
2927:CC53MC42:C02 75:15:10 60:30:10 45:45:10 30:60:10 75:15:10 
pressure 10 10 10 10 5 
t ernp. 1380 s 1350 s 1380 s 1400 s 1380 s 
Si02 38.2 .1 32.9 .1 27.8 . 2 21.2 . 6 38.2 . 3 
Ti02 2.5 . 1 2.2 .1 1.9 .1 1.1 .1 2.5 . 1 
Alb03 9. 7 . 1 8.5 . 3 6.8 .1 6.4 1.0 9.4 .1 Fe 6.9 .1 6.3 .1 4.3 .1 2.7 . 3 7.1 .1 
MgO 18.3 . 2 19.3 .3 22.1 . 2 26.7 1.3 18.0 .1 
Cao 19.5 . 1 26.6 . 5 34.0 .1 40.5 L9 19.9 .1 
Na20 3.5 .1 3.0 .1 2.1 . 2 . 8 . 3 3.5 .1 
K20 1.4 . 1 1.3 .1 1.1 .1 . 7 .1 1.4 .1 
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temperature at 30 kb decreases steadily with increasing added carbonate 
to reach a minimum at about 1270°C and about 74% carbonate. The liquidus 
phases charge with increasing carbonate content from garnet+ (clino-?) 
pyroxene to (clino-?) pyroxene to clinopyroxene + olivine to periclase 
and probably eventually to carbonate. Clinopyroxene occurs as unconunon, 
large tabular crystals . It apparently approaches equilibrium compositions 
more readil y with increasing carbonate content as indicated by lower Ti-
and higher Si- and Ca-content (Table 16). This can be interpreted as 
reflecting higher reaction rates with increasing carbonate content 
(= lower viscosity in the melt). Olivine is euhedral with minor quench 
outgrowth and about the same size as clinopyroxene. Periclase is usually 
small and round to oval shaped ; euhedral octahedra rarely occur. The 
liquidus minimum shifts with lower pressure (note that CC 58Mc 42 is not 
the minimum melting composition in the calcite-magnesite system at lower 
pressure , Irving and Wyllie, 1975) to higher temperatures and higher 
olivine melilitite contents. The appearance of periclase on the liquidus 
likewise shifts towards olivine melilitite . The liquidus phase at 10 kb 
is olivine on the olivine melilitite-rich side of the liquidus minimum, 
and presumably, olivine+ periclase or possibly olivine+ spinel followed 
by periclase alone on the carbonate-rich side . Only olivine was observed 
in the olivine melilitite: CC 5 8MC4 2 = 50:50 and 33:67 compositions. 
The presence of the minimum in the liquidus and the presence of periclase 
with olivine in the 17:83 composition, 1400°C run suggests that small 
amounts of periclase or spinel (cf., 5 kb runs) should be present in 
these runs but, because of their high density, may have settled to the 
base of the capsules. The liquidus phases at 5 kb are olivine on the 
olivine melilitite side of the minimum and periclase and (?) spinel 
(Table 16) on the carbonate side. 
A carbonate of approximat ely cc 80 Mc 20 is the minimum melting 
composition in the system calcite-magnesite at 10 kb (Irving and Wyllie, 
Table 16: 
Run No. 
Analyses of near liquidus clinopyroxenes 
at 30kb of olivine rnelilitite 2927 + 
CC58MC42 
6623 6624 6578 6607 
2927:CC58AC42:COz 75:15:10 60:30:10 45:45:10 30:60:10 
t ernp. ( ° C) 1400 1350 1320 1280 
Si02 46.2 46.2 50.4 49.6 
Ti02 3.2 3.0 . 5 . 6 
_Al203 11.5 12. 7 10.5 9.3 
Cr203 . 1 .1 . 5 . 3 
FeO 5.9 4.4 1.9 2.0 
MgO 15.9 15.5 16.9 17.4 
CaO 15.5 17.0 18.4 20.3 
Na20 1.7 1.2 . 9 . 6 
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30 
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30 
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Table 17: co 2 and H20 contents (analysed by gaschromatog~aphy) in quench products 
from experiments with olivine melilitite 2927+cc58Mc 42 
T (°C) 2927:Cc 58Mc 42 :co2 CO 2 H20 
(wt %) 
1380 75 15 10 2,7 • 7 
3,3 1.0 
1380 75 15 10 6.6 1.1 
7.6 1.9 
1350 60 30 10 10,2 1,6 
9,8 1.7 
1380 45 45 10 18.0 1.9 
1400 30 60 10 22.8 .8 
23.4 1.6 
1420 75 15 10 14,5 1.0 
1400 60 30 10 19.8 2.7 
19.7 1.9 
1500 45 45 10 25 .1 1.5 
24. 6 1,2 
1400 45 45 10 26.2 1.0 
25,6 .8 
1350 45 45 10 25.4 1.7 
25.3 . 8 
1350 30 60 10 32.8 3.4 
1320 15 75 10 37,0 1.3 
37,3 1,0 
0) 
l,..) 
84 
40 
30kb 
30 
20 
10 
5kb ~ 
CC MC 80 
58 42 
60 40 
wt.-% 
20 Olivine Melilitite 
Fig. 24 : co
2 
contents in quenchproducts of runs above the liquidus 
(see Fig . 23) with olivine melilitite + cc58Mc42 . 
Triangles= 30kb, 1400°c, circles= 30kb, 1500°C, squares 
= other runs at 30kb, diamonds= 10kb and crosses= 5kb. 
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1975). Addition of such a carbonate to olivine melilitite 2927 presumably 
lowers the liquidus at 10 kb in a similar fashion as cc 58MC4 2 at 30 kb 
(Fig. 23). Such a behaviour is implied by the nature of phases (olivine, 
periclase) crystallizing from olivine melilitite-CC 58Mc 42 at 10 kb. 
The CO 2 content (analysed by gaschromatography) in the quench 
products increases approximately linearly at 30 kb with increasing Ca 
and Mg from 9% up to 37% (Table 17; Fig. 24). A small negative temperature 
dependence (1500°C-1350°C) of CO 2 solubility is shown for the CC 58MC 42/ 
olivine melilitite = 50 :50 composition (Fig. 24) . CO 2 solubility also 
increases with increasing Cao and MgO at 10 kb, but not as rapidly as 
at 30 kb. However, for CC 58MC 42/olivine melilitite > 33:67, the solubility 
apparently increases more rapidly with increasing CaO + MgO. 
The absence of textures indicating two liquids, the homogeneous chemic ; 
composition of the charges, and the steady increase of CO 2 solubility show 
that there is no liquid immiscibility between olivine melilitite and a 
carbonate melt from 30 kb down to pressures of at least 5 kb. 
b) Diopside + CO 2 . 
Attempts to melt diopside + CO 2 [crystalline diopside (Tern-Pres) 
+ Ag2C 204 (corresponding to 20% CO 2)] in the presence of a MR-buffer 
failed at 30 kb , 1660° C because the Pt-capsules melted after 3 mins due 
to rapid alloying of Fe with Pt, which lowers the melting point. The 
glass from a MR-buffered run at 20 kb , 1580° C, 5 min was yellow due to 
migration of Fe into the capsule . In single (Pt) capsule runs, CO 2 was 
reduced to graphite in runs with crystalline diopside + Ag 2c2o 4 with no 
external buffer applied (contrary to olivine melilitite + CO 2 at lower 
temperatures but similar experimental methods) . Only runs with a mechanical 
mixture of MgO, Si02 and CaC0 3 , which was dried for several hours at 
500° C, loaded into the single Pt capsule, dried again and then immediately 
welded were successful in obtaining CO 2- saturated glasses and run products . 
The furnace assembly was dried again for several hours and then run 
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immediately. Run conditions , run products and analytical results are 
shown in Table 13 . The solubility of CO 2 at 30 kb is lower in diopside 
than in olivine melilitite (6% compared with 9%). Our gaschromatographic 
results at 30 kb compare favorably with Mysen's et al. gaschromatographic 
data at 28 kb , but are higher than the determination by the c14-method 
(Table 13). 
c) Feldspar melts+ CO 2 . 
A series of runs along the joint albite-anorthite (both Tem-
Pres) + CO 2 (Ag 2c2o4 ) was carried out at 30 kb and temperatures above 
the liquidus. It was not possible to avoid reduction of CO 2 to graphite 
with the single capsule method. These experiments were therefore carried 
out under MR-buffered conditions. This has the disadvantage that 
hydrogen migrates into the capsule and small iron addition also occurs 
at the high temperatures of these experiments (causing the various colors 
of the charges, Table 18). Run conditions, run products and analytical 
results are given in Table 18 and Fig. 25. CO2 solubilities are markedly 
lower in these very silica -and alumina-rich compositions than in olivine 
melilitite and diopside. There is no difference of CO 2 solubility between 
albite and anorthite melts within the analytical error (Table 18). When 
compared on a molecular basis (Fig. 25), the data show a slight increase 
of CO2 solubility with increasing anorthite content (i.e., CaAl substi-
tuting for NaSi in the melt). 
Solubility mechanism(s) of CO2 in silicate melts 
Atomic configurations can absorb incoming nergy in the infrared 
r gion at different wave-lengths by ceformation vibrations. The wave-
lengths or frequencies of the energy spectrum which are absorbed are 
related to the bonding energies in the particular atomic configurations 
in the crystal structure or silicate melt or solution being examined. 
Infrared spectFa of silicate glasses therefore partly reveal the structure 
of the glass and by inference,that of the melt prior to quenching. The 
Table 18: 
Run No . ' 
7,003 
7,007 
7,008 
7,006 
6,300 
6,305 
Experimental conditions (all runs at 30kb) and CO2 contents measured by gas chromatography 
Starting CO2 added Time wt% T (°C) as Ag2C204 Run products material (min) CO2 H')O (wt %) L.. 
albite 1,450 10 10 Light olive green 2.1 0.7 
glass with tiny 
bubbles 
ab 
= 0.8 1,500 15 5 as for 7,003 
ab+an 
ab 
= 0.65 1,500 15 7 as for 7,003 1.9 1.1 
ab+an 
ab 
= 0.51 1,550 15 7 Dark green glass 2.1 0.9 
ab+an 
with few bubbles 
anorthite 1,570 15 7 Ruby red glass with 2 . 3 0.7 
very few bubbles and 2.2 0.8 
some crystals (<1%) 2.5 0.6 
ab 1. 7 0.2 
= 0.8 1,450 15 7 as for 7,003 1.8 0.2 
ab+an 1.6 
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spectra illustrat e the manner in which individual cations are surrounded 
by oxygens. Brey and Green (1975) used this to show that CO2 is dissolved 
2 -ln olivine melilitite and olivine basanite as the carbonate, C03 , molecule. 
Mysen et al. (1975 and 1976) claimed that in addition to the carbonate 
molecule, CO2 is dissolved as molecular CO2 . 
The positions of relevent (for this study) absorption bands of 
- 2 - 4-H20, CO2, HC03, C03 and Si04 are shown schematically in Fig. 26. The 
asymmetric stretch vibration of gaseous CO2 around 2,350 cm-l forms a 
double peak due to the rotation of the CO2 molecule (Taylor et al., 1952). 
The double peak merges into a sharp absorption maximum for liquid and 
solid CO2 because rotation is inhibited due to molecular interaction and 
higher density. If CO2 is confined in a dense matrix, rotation is also 
inhibited (Hallam, 1973) and only a single peak appears as in the case 
of CO2 in cellulose (Fig. 26; spectrum with permission from Dr. T. Bos, 
Research School of Chemistry, ANU). The CO~- absorption band around 
1,400 cm- 1 can be a single or a double peak depending on the surrounding 
cations. Figure 26shows an infrar..ed spectrum of CO 2-saturated olivine 
melilitite glass from 30 kb, 1550°C. This spectrum was run under atmos-
pheric conditions and in nitrogen gas. No CO2 peak appears in either 
spectrum. In contrast, Mysen's et al. spectra always show a CO2 peak, 
and in some cases the CO2 peak has two maxima (Mysen et al., 1975, Fig. 5). 
Such a CO 2 double peak is attributed to a rotation of the gaseous CO 2 
molecule (Taylor et al ., 1952) and is not expected if CO 2 is enclosed 
in a silicate matrix, i.e., analogous to CO 2 in cellulose (see above). 
I obtained a similar CO2 double peak only when the infra r e d spec t r ome t e r 
was unbalanced p~rposely (i.e., the sample and reference beam were not 
balanced), so that the gaseous species of the atmosphere caused absorbance 
and were superimposed on the spectra (Alpert et al., 1970, pp. 24,25). 
Such a spectrum is shown in Fig. 26 . Infrare d spectra from runs on 
olivine melilitite + CO 2 from 5-40 kb all show the cha racteristic double 
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peak of CO~- and no peak appropriate to CO2 vibration . The data demon-
strate that CO2 is soluble in olivine melilitite as a CO~- molecule only. 
CO§- peaks alone also occur in spectra of basanite + CO2 and diopside + 
CO2 glasses. 
A single CO2 peak appears in albite + CO2 glasses without a 
definite CO§- peak (Fig. 26) . The CO2 peak diminishes with addition of 
anorthite and disappears at albite: anorthite = 50:50 whereas the CO~-
absorption band becomes gradually stronger. These data on the Ab+ An+ 
CO2 system could mean that CO2 is soluble in albite mainly as molecular 
CO2 , the carbonate mol~cule becoming more important with increasing 
anorthite component. An alternative interpretation is that it may not be 
possible to quench the carbonate molecule from an albite melt with the 
relatively long quenching times characteristic of solid media apparatus. 
Because the carbonate molecule may be energetically more stable in high 
2+ + 2-Ca /Na systems, it may be easier in calcic systems to maintain C0 3 
during quenching. This suggestion may be tested by suitable experiments 
for it implies that the bonding of CO~- with Na+ ions in a melt is less 
. stable at low temperature, i.e., during quenching than the CO~- to Ca2+ 
bonding. 
4. Conclusions on CO 2 Solubility 
Fig . 16 shows that CO2 suppresses the liquidus temperature of an 
olivine melilitite liquid. The effect of CO 2 alone is very much smaller 
than that of H20; for example , the liquidus at 30 kb is lowered by about 
100 ° C (compared to dry liquidus) for CO 2-saturated conditions (the solubility 
is 9% at 1450°C), but is lowered by about 400°C for H20-saturated conditions 
(30-34% H20 dissolved at 1120°C). The presence of H20 at high total 
pressures increases the influence and solubility_ of CO 2 considerably, e.g., 
14% CO2 together with 10% H20 dissolved in the melt lowers the liquidus 
by about 340°C at 30 kb. 
- - - - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - -
The CO2 solubility in olivine melilitite under dry conditions 
decreases slightly with increasing temperature and increases strongly 
with increasing pressure. More generally, the amount of CO2 soluble in 
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a silicate melt appears to be positively correlated with the proportions 
of the oxides Cao, MgO, Na20, K20 and negatively correlated with Si02 and 
the more CO2 is soluble in the melt (see also Wyllie, 1976; and Mysen 
et al . , 1975 and 1976). However , this is certainly an oversimplified 
statement because this does not take into account interactions of CaO, 
MgO, etc. with Al203 , Ti02 and Si02 within the melt (Ryabchikov, 1976, per-
sonal communication) . To more accurately .assess which cations are linking 
with CO~- it will be necessary to experiment with a wider range of simple 
compositions, to carry out more quantitative spectroscopic work (e.g.~ 
infrared and Raman spectroscopy), and to establish thermodynamic properties 
of silicate melts. In the absence of such studies, it is possible to 
speculate using some thermodynamic properties of carbonates. The congruent 
melting points of K2co3 and Na2co3 at 1 atm are 891°C and 851°C, respec-
tively (Handbook Phys. Chem . ). CaC03 melts incongruently up to a pressure 
of 1025 atm, where it melts congruently at 1339°C (Handbook Phys. Chem.). 
MgC0 3 decomposes to periclase + vapor up to pressures between 24.5 and 27 
kb, but at higher pressures, it melts congruently (Huang and Wyllie, 1975). 
From the behaviour · of carbonates at low pressures, one may infer that 
the affinities of Ca, Na and K with CO~- are greater than those of Mg with 
2-C03 . However, Mg may become relatively more important with increasing 
pressure, since the minimum melting composition in the system CaC0 3-MgC0 3 
shift towards the MgC0 3-side with increasing pressure (Irving and Wyllie, 
1975) . 
The relatively lower affinity of MgO with CO 2 may explain the 
fact that liquidus phases of silicate melts in the presence of CO2 are 
mainly Mg-rich (olivtne, orthopyroxene, garnet, periclase). However, CO 2 
also restricts the role of olivine as a near-liquidus phase to lower 
pressures than under dry conditions or in the presence of H2 0 alone and 
enhances the role of garnet , orthopyroxene and clinopyroxene at higher 
pressures. The favoured crystallization of pyroxenes is explained by 
Eggler and Mysen (1976) and Mysen et al . (1976) by polymerization of 
Siot- in the silicate melt together with the formation of CO~-. This 
still does not explain the enhanced role of garnet. 
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The data presented permit some conclusions on the role of im-
miscibility between carbonate and silicate liquids at high pressures. 
Carbonate droplets in silicate glasses like those shown in Fig. 18 are 
commonly interpreted as quench products of an immiscible carbonate liquid 
(Koster van Groos and Wyllie, 1966; and Koster van Groos, 1975) and this 
possibility was considered as an interpretation of these droplets (Brey 
and Green, 1976). Subsequent studies on a join olivine melilitite-
carbonate (s ee Chapter IV, Sa) show that there is complete miscibility 
between an olivine melilitite and carbonate liquid at 30 kb. It is thus 
inferred that these droplets are not evidence for an immiscible liquid 
but may be either products of vapor phase quench or nucleation and 
segregation of quench phase (phases) during cooling. 
5 . Solubility of Solids in~ CO 2-Rich Vapor Phase 
It is not possible to analyse the composition of a vapor-phase 
coexisting with a melt under run conditions in a piston cylinder apparatus. 
Yet it is possible to deduce relative solub{lities of different oxide 
components in the vapor phase, if the quench products of the melt (ideally 
glass) are analysed (by electron microprobe) and if these compositions 
are found to differ from those of the starting mixes. Analyses of quench 
products from runs above the liquidus of olivine melilitite 2927, diopside 
and olivine melitite + cc 58Mc 42 show persistent deviations from the compo-
sition of the starting material (Tables 15 and 19 and Fig. 27 and 28 ). 
Ta ble 19 Average gla~s ana lyse of o li vine-mclili tite + CO 2 corrected for Fe-loss by increasing the 
measured FeO co nt ent to a n arbi trary 12.8 ° 0 FeO 
Si0 2 
Ti0 2 
Al20.i 
FeO 
MgO 
CaO 
a 2 0 
K 20 
i0 2 
Ti0 2 
Al 2 0 3 
1-"c:O 
MgO 
CaO 
Na 20 
K 20 
M 11 Bu ller 
5 kh 
1.350° C 
40.8 
2.5 
9.6 
12.8 
16.5 
13.8 
3.0 
1.3 
5 kb 
I J30° C 
40. 7 
i -__ ) 
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The analyses of the quench~d glasses of olivine melilitite 2927 were 
normalised to 100% and corrected for Fe-loss to the Pt capsule (this 
correction was <25% of the Fe originally present), which assumes initially 
that FeO is not soluble in a CO2 vapor phase. Fig. 27 shows that Si02 
contents are always 1-2 wt . % greater than in the starting mix, while 
MgO and Cao are slightly greater and Na2o , K20, Al 20 3 and Ti02 are lower. 
As it is assumed that these components cannot migrate into or out of the 
container , the differences between the quench liquid composition and 
that of the initial bulk are attributed to solution of components. 
Thus , Si02 is interpreted as the least soluble of all -the oxide components 
considered , including FeO , and is used as a basis to compute the relative 
changes of the other major elements analysed . Loss to the vapor phase 
(expressed as wt . % of the component lost from the melt) is plotted against 
pressure in Fig . 27 for experiments with olivine melilitite 2927. 
Na20 partitions most readily into the fluid phase, followed by Al 20 3 
and MgO, Ti02 and Cao and K20 . Note also that the solubility of solids 
must increase considerably with increasing pressure, since in all experi-
ments, the same amount of CO 2 was added, but the solubility of CO2 in the 
melt increases strongly from 10 kb-40 kb , so that more CO 2 vapor is 
present at 10 kb than at 40 kb . 
Fig . 28 expresses the relative changes in the series of runs 
with olivine melilitite + cc 58Mc 42 as the ratio oxide 1 /Si0 2 1 versus ana. ana. 
the ratio excess CO 2/oxide t . This -again assures that Si02 is s arting mix · 
not soluble in a CO 2-rich vapor phase. Excess CO 2 was taken as the 
difference between the amount of CO 2 in the charge (see Table 15) and 
the CO 2 analyse~ in the quench products (Table 17 and Fig. 24 ). At 30 kb, 
Na 20 shows the greatest relative loss from the melt and is actually below 
the detection limit of the TPD microprobe in the run with the highest 
excess C02/Na20 ratio . Al203 and Ti02 follow similar, but less dramatic 
patterns . K20 shows only a slight deviation from the original content, as 
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-do CaO and MgO (both plotted against excess CO2 only). MgO shows slightly 
greater loss than Cao. The solubility of solids is appreciably lowe r at 
10 kb and 5 kb , and Al 20 3* , Cao and K20 show no loss or even a relative 
increase with respect to silica in the melt. Na20, MgO and Ti02 continue 
to show loss from the starting composition at 10 kb and 5 kb. 
In the system diopside + CO2 , MgO is also relatively enriched 
in the vapor phase leading to a decrease of MgO (CaO (mol. ratio) of the 
quenched glass (from 0 . 92 in the starting glass to .89 in the CO2-
saturated glass) . 
To summarize , it appears that major elements are soluble in a 
CO 2-rich vapor phase in the following decreasing order: Na20 > MgO > 
Al203 > Ti02 >Cao> K20 > Si02 . It is estimated from Fig. 27 and from 
CO2 solubilities, that at 30 kb, the fluid phase consists of about 88% 
CO2 and 12% " solids" ' and at 5 kb, of about 91% CO 2 and 9% solids. The 
immiscibility gap between a silicate melt and a CO 2 fluid phase becomes 
therefore smaller with increasing pressure , a fact discussed extensively 
by Hyllie and Boettcher (1969) . About one third of the ''.solids" dissolved 
in the fluid phase consist~ of Na 20, the most abundant component in feni-
tization process . I would argue therefore, that fenitization is caused 
by CO 2-rich fluids evolved as a component of the complex silicate-
carbonatite volcanics. The much stronger partitioning of Na20 than K20 
into a CO2-rich vapor phase may also explain that K20/Na 20 is generally 
greater than one in kimberlites . The generally low total alkalies in 
kimberlite are already unusual compared with other undersaturated compo-
sitions, but they would be quite acceptable if they are lost (and Na20 
more so than K20) to a fluid phase evolving during the ascent of the 
kimberlite. 
* The very high Al203/Si02 value at 10 kb probably stems from Al203 of 
the polishing powder embedded in the polished surface. 
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CHAPTER V 
OLIVINE MELILITITE 2927 + H20 + CO 2 
Cont ents 
1 . Introduction 
2. Experimental Results 
Olivine melilitite + H20 + CO 2 at 30 kb under MB-buffered conditions 
Olivine melilitite + H20 + CO 2 at various pressures under MB-buffered 
conditions 
Olivine melilitite + H20 + CO 2 at hydrogen fugacities greater than 
that of the }frl-buffer 
3. Mineral Chemistry of Liquidus Phases 
a) at 30 kb 
b) at 25, 27 and 35 kb 
4. Conclusions. 
1 . Introduction 
The presence of a volatile component soluble in a silicate melt 
and therefore not inert towards it, lowers the liquidus temperature of 
that melt . At any given pressure addition of increasing proportions of 
the volatile component to the melt results in further lowering of the 
liquidus temperature until the saturation value is reached. Further 
addition of the volatile component does not change the liquidus tempera-
. 
ture except insofar as components from the melt are partitioned into the 
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free vapor phase, thereby changing the melt composition and thus increasing 
its liquidus temperature. The presence of two volatile components 
similarly lowers the liquidus temperature, but now the effect is a function 
of both the amount and the proportion of the two components. Fig. 29 
shows a schematic diagram of the liquidus surface of a system olivine 
melilitite-H20-C0 2 at a fixed pressure. Olivine melilitite is presented 
here as one component . Chapters III and IV show that H20 is more soluble 
than CO 2 in olivine melilitite and that it lowers the liquidus temperature 
more rapidly than CO 2 • This results in a liquidus of two curved, 
intersecting surfaces as shown in Fig. 29. The dashed lines represent 
isotherms at equal temperature intervals, the thick solid line marks 
the boundary between liquids with a free vapor phase present and fluid 
absent liquids. The isotherms are kinked where they cross this boundary. 
This is seen more clearly in an isobaric, polythermal projection of the 
liquidus surface onto the plane olivine melilitite-H20-C0 2 (shown 
schematically in Fig . 29). The geometry of the liquidus surface gives 
a tool to experimentally establish the shape of the liquidus surface at 
a particular pressure and to find how much H20 and CO2 are soluble 
simultaneously in olivine melilitite at a particular liquidus temperature. 
Basically, two joins in the system olivine melilitite-H20-C02 provide 
the maximum information : 
T 
V 
I L+V 
L 
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L 
L+V 
Fig . 29 : Schematic liquidus surface at constant pressure of the 
system olivine melilit i te - H2o - CO2 
and the projection 
of the liquidus surface onto the plane olivine melilitite 
- H2o - CO 2 . Dashed lines are isotherms, the thick solid 
line is the vapor saturation boundary. 
a) Starting on the olivine melilitite-H2 0 side at a chosen vapor-
undersaturated composition, more and more CO2 is added and the liquidus 
temperature is established for each composition. The liquidus tempera-
ture should go through a minimum when the vapor-saturation boundary is 
crossed . 
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b) Starting again from the olivine melilitite-H2 0 side at a chosen vapor-
undersaturated composition, H20 is replaced mole for mole by CO2 . The 
liquidus temperature increases only slightly until the vapor saturation 
boundary is reached and then it increases rapidly . 
Fig . 30 shows the system olivine melilitite-H20-C02 in molecular 
proportions . It is purely arbitrary how to calculate the molecular weight 
of a rock composition and several methods are in use. I have used the 
expression E{[gram formula weight of oxide] x [molecular fraction of oxide]} 
= molecular weight of the rock composition. This method yields a molecular 
weight of 59 . 74 for olivine melilitite 2927. The compositions expressed 
as molecular ratios olivine melilitite:H 20 : C0 2 used in the experiments 
are plotted in Fi.g . 30 (labelled A, B, C ... and a, b, c ... ) and given in 
Table 20 . 
Capsule materials for the experiments were Ag 77 Pd 23 up to 1180°C, 
Ag 50 Pd 50 up to 1250°C and Pt for higher temperatures. The outer capsule 
in experiments with an external buffer was made of Pt in most cases and 
rarely of Au or Ag 50 Pd 50 . Run times varied from 10-30 mins. The shorter 
run times were used in earlier experiments, where there were some difficulties 
in maintaining the MR-buffer over longer periods of time. 
2. Experimental Results 
Olivine melilitite + HzO + CO 2 at 30 kb under Ml-I-buffered conditions. 
The liquidus surface and the nature of the liquidus phases in 
this system were established at 30 kb under MB-buffered conditions. The 
two boundary systems olivine melilitite-H20 and olivine melilitite-C02 
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Table 20: Starting compositions in the 
system olivine melilitite 
2927 + H20 + CO2. 
Molecular % wt% 
2927 H20 CO2 2927 HzO CO2 
A 77.0 16.0 7.0 88.5 5.5 6.0 
B 68.0 14.0 18.0 79.5 5.0 15.5 
C 63.6 26.4 10.0 80.6 10.1 9.3 
D 46.7 19.3 34.0 60.2 7.5 32.3 
E 54.7 40.8 4.5 77.8 17.5 4.8 
F 40 26 34 54.9 10.8 34.4 
G 44 32 24 61.7 13.5 24.8 
H 36 40 24 54.8 18.4 26.9 
J 60 36 4 81.3 14.7 4.0 
K 66 30 4 84.6 11.6 3.8 
L 73 23 4 88.1 8.4 3.6 
M 71 21 8 85.3 7.6 7.1 
N. 72 22 6 86.7 8.0 5.3 
0 74 24 2 89.5 8.8 1.8 
p 67 25 8 83.3 9.4 7.3 
Q 65 28 7 82.7 10. 7 6.6 
R 69 28 3 86.6 10.6 2.8 
s 82 12 6 91.1 4.0 4.9 
T 86 10 4 93.5 3.3 3.2 
u 71.5 21.5 7 86.0 7.8 6.2 
a 57.0 35.4 7.6 77.8 14.6 7.7 
b 59.5 24.6 15.9 7 5. 6 9.5 14.9 
C 62.2 12.9 24.9 73 .6 4.6 21.8 
d 85.1 7.4 7.4 91. 7 2.4 5.9 
e 78. 7 7.3 14.0 86.3 2 .4 11.3 
f 76.7 14.2 9.1 87.5 4.9 7. 7 
g 56.5 37.5 6.0 78.2 15.6 6.2 
h 55.4 41.3 3.3 78.8 17.7 3.4 
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Fig . 30: The system olivine melilitite - HO - CO in Mol-%. 2 2 
A,B , C ... a ,b,c mark compositions used in the experiments. 
Numbers 5 - 40 are wt .-% of H2o and CO2 , other numbers 
are experimentally determined liquidus temperatures. 
and four joins I, II , III and IV (Fig . 30) were inves tigat ed . 
a) Olivine melilitite-H20. 
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The presence of H20 lowers the liquidus temperature rapidly from 
1550° C for dry conditions to about 1110° C for H20 saturated conditions 
(Fig . 3la,b) . Olivine is the liquidus phase for any H20-content under 
MH- and furnace-buffered (~NNO) conditions (Fig. 31 , also Chapter III). 
A solubility of 30-34 wt.% H20 in olivine melilitite at 30 kb was found 
by adding more and more H20 to the charge until no further lowering of 
the liquidus temperature occurred (Fig. 31b). The single capsule method 
(under furnace-buffered conditions) was used for this purpose , since the 
temperature is known more accurately (estimated± 10°C) than with the 
double capsule method (estimated± 15°C). 
b) Olivine melilitite-C02 . 
CO 2 lowers the liquidus temperature of olivine melilitite only 
by about 100° C (Fig. 32) from 1550°C to 1450°C. No external buffer was 
applied for these experiments (in Pt- capsules) with olivine melilitite 
+ CO2 and great car e was taken to keep the influence of the furnace 
assembly to a minimum by drying the . furnace assembly at 110°C until just 
before the run. Direct measurement showed that 9 wt.% CO2 is soluble in 
olivine melilitite at 30 kb (see Chapter IV) and the experiments with 
various amounts of CO 2 added , show that no further lowering of the liquidus 
occurs with more than 8-10% CO 2 added. Olivine is the liquidus phase 
for volatile-free conditions. It is joined by pyroxene with increasing 
CO 2-content. Garnet and pyroxene are the liquidus phases for more than 
8 wt. % CO 2 present . The pyroxenes vary widely in composition , but MgO 
is always greater than Cao, Ti02 varies from about .5-2.5%, Al 20 3 from 
7-11% and Si02 from 47-53% . Some pyroxenes have about .6% Ti0 2 , 8% 
Al 20 3 , 52% Si02 , 19% MgO and 10-11% CaO and approach closely clinopyroxene 
compositions found in experiments with pyrolite - 40% ol at 30 kb , 1450° C 
(Mori , 1976) . Thus, I w~nt to argue that there is a field with garnet+ 
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Fig . 31a : Liquidus of olivine melilitite 2927 with various amounts 
of H2o added . Numbers are forsterite content in olivine, 
symbols are as in Fig . 32 . 
oc 
'\ 
1600 -
• 
' 
1500 - ' 
30 kb 
· furnace -
• 
1400 · 
1300 -
. 
1200 -
• 
1100 -
• 
1000 
' ~ 
-
... 
... 
.... 
-
-
-
L 
... 
.. 
L+Cr 
. 
' 
• I ' 
buffered 
\ 
\ 
\ 
\ 
I 
\ 
\ 
L+V 
. • 
0 10 20 30 40 
Fig . 31b : Determination of maximum solubility of HO in olivine 
melilitite 2927 at 30 kb. Liquidus t empetatures inter= 
polated from experiments at 25 and 35 kb. Vertical lines 
represent a field with olivine alone as liquidus phase, 
the hatched area with olivine and clinopyroxene. 
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Fig . 32 : Olivine mel i litite 2927 + co2 (no external buffer) 
clinopyroxene near the CO 2-rich side in the system olivine melilitite-
adjoining the garnet+ orthopyroxene field. Most other clino-
pyroxenes are interpreted as metastable nucleation products (rather than 
quench products, no quench pyroxenes appear in runs above the liquidus) 
from the starting glass under run conditions, which could not exsolve 
to their equilibrium composition(s) due to short run times and probably 
slower reaction rates in runs with only CO 2 (compared to those with H20 
present also) . Nucleation problems of pyroxenes are discussed by Mori 
(1976, accepted for publication). Since Fe-loss would have been too 
great for longer run times, the metastability of the pyroxenes was 
accepted as unavoidable, since the main interest was to establish the 
liquidus temperature of the original starting material . 
c) Olivine melilitite-H20-C0 2 , profile I. 
It was intended that in profiles I and II (Fig. 33 ), H20 should 
be replaced mole by mole by CO 2 , i . e. , the profiles should be parallel 
to the H20-C02 side of the triangle olivine melilitite-H20-C0 2 . Due to 
109 
a mistake in calculating the molecular proportions, they are somewhat 
oblique to that side, but the desired information is still fully obtainable. 
The liquidus temperature for olivine melilitite + 10% H20 lies 
between 1200 and 1220°C at 30 kb. The liquidus temperature increases 
only slightly when H20 is replaced by CO 2 until H20/H 20 +CO 2 ~ .34. 
At higher CO 2 , lower H20 contents, the temperature increases rapidly due 
to the intersection with the vapor-saturation boundary (see introduction 
to Chapter V). The near-liquidus phases change from olivine to olivine 
+ clinopyroxene to pyroxene (probably orthopyroxene and clinopyroxene -
see Table 21 and Fig . 36 ) and garnet + pyroxene . 
d) Olivine melilitite-H20-C0 2 , profile II. 
The ratios and amounts of volatiles in solids along this join are 
identical to those in the preliminary experiments with H20 and CO 2 under 
Ml-I-buffered conditions described in Chapter III. However, systematic 
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differences were found in liquidus temperatures (30-40 ° C lower in the 
experiments) which are attributed to slightly different furnac e geometry 
and less accurate "hot-spot" positioning and there are minor differences 
of interpretation of near-liquidus phases (the Mg-rich pyroxenes in 
runs with CO2 only were interpreted as very small orthopyroxenes with 
quench outgrowth). 
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As in profile I, there is only a slight increase of the liquidus 
temperature in the vapor undersaturated region, when H2 0 is replaced by 
CO 2 , and a sharp increase when the vapor-saturation boundary _is crossed. 
Near-liquidus phases change from olivine (xH O = 1) to olivine+ clino-2 
pyroxene, followed by clinopyroxene, then by garnet+ pyroxene (probably 
ortho- and clinopyroxene, see discussion below), then garnet+ orthopyroxene 
and garnet+ pyroxene(~ 0 = 0). 2 
e ) Olivine melilitite-H20-C02 , profile III (Fig. 34). 
In such profiles, the H20/olivine melilitite ratio is kept 
constant and more and more CO2 is added. The liquidus temperature is 
lowered with addition of CO2 under vapor-undersaturated conditions and 
goes through a minimum at the vapor-saturation boundary. The liquidus 
phases change from olivine to clinopyroxene to orthopyroxene and to 
garnet+ pyroxene. 
f ) Olivine melilitite-H20-C02 , profile IV (Fig. 34) . 
The liquidus temperature again goes through a minimum when the 
vapor-saturation boundary is cros~ed. The liquidus phases are olivine , 
followed by clinopyroxene, garnet+ orthopyroxene and garnet+ pyroxene. 
From the results of the above series of experiments and the 
results of additional experiments with varying ratios of olivine melilitite: 
H20:C02 (Fig. 30 and Table 20), the isotherms (50 ° C intervals) of the 
liquidus surface at 30 kb and the vapor-saturation boundary were constructed 
(Fig. 35 ). The position of the 1150° C isotherm is not very well de f ined, 
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since there are only small differences in actual liquidus temperatures 
of these H2 0-rich compositions n ear the 1150 ° C isotherm . These differences 
cannot be resolved with our technique. The best fit construction of 
isotherms in the vapor-oversaturated region would appear to be slightly 
curved isotherm projections rathe r than the straight line projections of 
the simple system diop~ide-H2 0-C02 (Eggler , 1973). This may reflect 
increasing solution of solids in the increasing amount of vapor phase 
with increasing distance from · the vapor-saturation boundary. This effect 
would produce a continuous change in coexisting melt composition and 
liquidus temperature. The slope of the liquidus surface is very steep 
near the join olivine melilitite-C02 but decreases with increasing distance 
(Fig. 35 ). Multiple changes of liquidus phases occur in the vapor-
undersaturated region (Fig. 36) and should be indicated by small kinks in 
liquidus temperatures (Eggler and Mysen, 1976). However, these changes 
in slope are so minor that they cannot be resolved with our experimental 
techniques and the projections of the isotherms have therefore been drawn 
as smooth curves. One major kink in these projections is very prominent , 
i . e . , when the vapor-saturation boundary is crossed. This intersection 
lies in the orthopyroxene + garnet field (see Fig. 36). All kinks of 
the 1400-1150°C isotherms were joined by a smooth curve to give the vapor-
saturation boundary in the system olivine melilitite-H20-C02 (Fig. 35). 
The position is fixed on the olivine melilitite-C02 join by a quantitative 
determination (9 wt . % CO2 ) and on the olivi~e melilitit e-H20 join by 
adding more and more H20 until no further lowering of the liquidus was 
observed (30-34%, see 1 a, this chapter). Two runs from above the liquidus 
(compositions c _and e) quenched to dusty brown coloured glasses which 
were analysed quantitatively for CO 2 and H20. The results plot closely 
to the estimated vapor-saturation boundary (Fig. 35 ). The shaded area 
in Fig.JS indicates the estimated error in its position. The boundary 
is bent towards the CO 2 corner indicating an increasing CO 2 solubility 
Olivine Melilitite .2 
I 
I 
. . 
.4 
30 kb 
M H Buffer 
.6 .8 
Fig . 35: Experimentally determined projections of the isotherms of the 
liquidus surface of the system olivine melilitite 2927 - H
2
o -
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CO 2 (Mol-%) at 30 kb . The vaporsaturation boundary is the connection 
of the kinks shown by the isotherm projections , the shaded area 
represents the estimated error in the determination of the 
vaporsaturation boundary . The stars represent analysed H20 and 
CO 2 contents in glasses quenched from experiments above the liquidus 
(compositions c and e). 
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with increasing H20-content (see Chapter IV), which was found also by 
Eggler (1973) in the diopside-H 20-C0 2 system. 
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The composition of the coexisting vapor phase (H 20/C0 2 ratio) 
can be determined only approximately by constructing isobaric, isothermal 
section. Fig. 37 shows such sections at 1150°C, 1200° C and 1300° C as 
they are constructed from the available experiments. This figure illus-
trates the approximate composition of the vapor phase (in terms of H20, 
CO 2 ) coexisting with liquid at the liquidus temperatures at 30 kb in the 
system olivine melilitite-H 20-C0 2 . These approximate vapor compositions 
were used to estimate the oxygen fugacities in the system olivine 
melilitite-H 20-C0 2 under fluid oversaturated conditions. An external 
MH buffer was applied in most experiments except in those with CO 2 only. 
This keeps the hydrogen fugacity in all experiments at a low, but . constant 
level and ensures that a free vapor phase is practically composed only 
of CO 2 and H20 (except for dissolved solids). The oxygen fugacity varies 
throughout the system olivine melilitite-H20-C0 2 with varying H20/C0 2 
ratios and also depends on the presence or absence of a free vapor phase. 
Assuming ideal behaviour of a free CO 2 + H20 vapor phase and that there 
are no other components other than CO 2 and H20, it is possible to approxi-
mately calculate oxygen fugacities as a function of varying CO 2 / H20 
ratios with respect to an externally applied buffer (Boettcher et al., 
1973). I have used the rough estimates of vapor compositions shown in 
Fig. 37 to calculate the oxygen fugacities in the system olivine 
melilitite-H20-C0 2 (Fig. 38a,b). The oxygen fugacity for a free vapor 
phase with H20 alone is that of the external MH buffer. It decreases 
slowly with increasing CO 2-content (relative to the MH buffer), but falls 
rapidly and approaches the oxygen fugacity of the NNO buffer only for 
~ 0 < .1 in the vapor phase. Such calculations cannot be carried out 2 
for fluid absent conditions, since there is not enough information about 
the activities of H2 0 and CO 2 in silicate melts. Oxygen fugacities are 
certainly lower compared to vapor present conditions (Whitney, 1972) . 
The lines of equal oxygen fugacities in the vapor- undersaturated region 
given in Fig . 38 are estimated by assuming that the oxygen fugacity 
does not change for a fixed~ 0 , if the temperature remains the same. 2 
Since the liquidus temperature increases from the vapor-saturation 
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boundary to the join olivine melilitite-H20, a temperature correction has 
to be applied which moves the lines of equal oxygen fugacity towards the 
H20 corner . 
Olivine melilitite + HzO + CO2 at various pressures under Ml-I-buffered 
conditions . 
The influence of pressure on the nature of liquidus phases in 
the system olivine melilitite-H20-C02 was examined for the compositional 
sequence 0-L-N-U-M (Fig. 30) from 25-35 kb. A diagram outlining liquidus 
phase boundaries as a function of pressure and molecular ratio of CO2 is 
given in Fig . 39. Olivine is the liquidus phase at 30 kb in the presence 
of H20 alone under Ml-I-buffered (see above) and "furnace-buffered" condi-
tions (see Chapter III) and will certainly be so at lower pressures also. 
It is joined by clinopyroxene under " furnace-buffered" conditions at 35 
kb and it is expected that the same holds under Ml-I-buffered conditions also, 
so that a field with olivine alone as liquidus phase wedges out towards 
higher pressure (Fig. 39). The olivine+ clinopyroxene field widens at 
lower pressures to higher molecular ratios of CO 2 (N) and diminishes at 
higher pressures (O ; note that clinopyroxene alone is the liquidus phase 
at 40 kb under " furnace-buffered" conditions in the presence of H20 alone 
see Chapter III). At all pressures investigated , a field with clino-
pyroxene alone borders the olivine+ clinopyroxene field towards compo-
sitions with higher mol ecular ratios of CO 2 . The clinopyroxene field 
becomes somewhat wider and moves towards H20-richer compositions (L) with 
increasing pressure (i . e ., it expands at the expense of the olivine and 
olivine+ clinopyroxene field) and becomes narrower and moves to CO 2-
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Fig . 39 : Change of liquidus phases with pressure 
along a compositional join 0-L-N-U-M (Fig. 30) 
richer compositions (N,U) at lower pressures. The phase boundary which 
marks the appearance of garnet and orthopyroxene in addition to clino-
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pyroxene as liquidus phases lies at higher CO2 contents at lower pressure 
(27 kb) and lower CO 2 contents at higher pressures (30 kb) (cf. compo-
sitions M + N). Garnet disappears as a liquidus phase between 27 kb and 
25 kb and orthopyroxene and clinopyroxene alone are liquidus phases at 
25 kb and xCO = .08 (M). As at 30 kb, none of the compositions examined 
2 
within the system olivine melilitite-H2o-co2 simultaneously crystallized 
all four phases olivine, orthopyroxene, clinopyroxene and garnet in a 
near-liquidus run . The closest approach to four-phase crystallization is 
~27 kb, composition M. Addition of <5% olivine to the olivine melilitite 
composition (implying precipitation of some olivine from the primary 
magma before picking up lherzolite inclusions) may cause the olivine+ 
clinopyroxene field to adjoin the garnet+ orthopyroxene field. A further 
point is that reaction relations exist between crystals and liquid so 
that within the accuracy and reproducibility of experiments and the 
necessity to run slightly below the liquidus to obtain phases for identi-
fication and analysis, it migqt be regarded as rather fortuitious, if 
any one run did obtain all four phases on the liquidus. One variable 
which has not been adequately investigated so far in this study is oxygen 
fugacity. Oxygen fugacities lower than those created by the MH buffer 
may increase the stability of olivine as a liquidus phase to higher CO 2 
contents and thus establish conditions of four-phase saturation . 
Olivine melilitite + HzO + CO 2 under hydrogen fugacities higher than 
that of the MH buffer. 
Hydrogen ·and oxygen fugacities created by the MH buffer are 
almost certain~y lower and higher, respectively than those in the mantle. 
This is indicated by the occurrence of ilmenite rather than titanomagnetite 
as the Ti-bearing phase in garnet lherzolite nodules, by the low Fe 3+ 
content in ilmenites, clinopyroxenes and garnets from lherzolite nodules 
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and by the occurrence of graphite and diamond in mantle derived products. 
However, experiments to duplicate such conditions by applying an ext e rnal 
NNO buffer or using the innate oxygen fugacity of the furnace assemblage 
(slightly lower than NNO) were not very successful. NNO is an unsuitable 
buffer material at these high temperatures as nickel rapidly migrates 
through the capsule walls into the charge and changes the starting compo-
sition . No graphite was detected in furnace-buffered runs, but it is 
not known what the composition of the gas species is in a C-0-H system 
at such high hydrogen fugacities and total pressures. In homogeneities 
in mineral assemblages within individual runs and inconsistenceis from 
run to run mitigate against rigorous experiments and obscure the applica-
tion of the results obtained under low oxygen fugacities. Some conclusions 
may, however, be drawn from these experiments: 
a) liquidus temperatures are somewhat higher than under Ml-I-buffered 
conditions either due to different oxygen fugacities or to some reduction 
of CO 2 or possibly due to a systematic temperature error between the two 
types of furnace assemblies (the "hot-spot" calibration discussed in 
Chapter III makes this latter possibility less likely). 
b) the stability of olivine is not obviously increased to higher (added) 
CO 2 contents. 
c) the presence of one or more carbon species dissolved in the melt brings 
orthopyroxene and garnet onto the liquidus of olivine melilitite under 
f 0 conditions near NNO, as well as under Ml-I-buffered conditions . 2 
3 . Mineral Ch mistry of Liquidus Phases 
a) At 30 kb. 
The experimental results presented previously show, that under 
otherwise very similar conditions, varying H20/C0 2 ratios bring different 
phases onto the liquidus of olivine melilitite 2927 . Further experiments 
with varying olivine melilitite:H20:C02 (Fig. 30) showed that there are 
126 
systematic changes of near-liquidus phases with increasing distance from 
the join olivine melilitite-H2 0 (Fig. 36). At 30 kb, olivine is the 
only liquidus phase in the presence of H20. It is joined by clinopyroxene 
for small amounts of CO2 . More CO2 eliminates olivine and clinopyroxene 
alone is the liquidus phase, except in one run (comp. K), where magnetite-
rich spinel (Table 21) is present also. Increasing CO2 introduces garnet 
and orthopyroxene as liquidus phases and clinopyroxene disappears with 
even higher CO2 . Titanomagnetite occurs in some H2 0- and CO2-rich runs, 
but is large enough to be analysed in very few of them. A separate field 
garnet+ pyroxene (optically a clinopyroxene) for CO2 -rich compositions is 
shown in Fig . 36 , where the actual nature of the pyroxene cannot be 
accurately established for reasons similar to those given above for runs 
with olivine melilitite + CO2 . The MgO-rich nature of the pyroxenes was 
demonstrated there and , since, with increasing temperature (the liquidus 
temperature increases towards the join olivine melilitite-C02 ), the clino-
pyroxene structure can take in more orthopyroxene component. I infer 
that the stable pyroxene would be clinopyroxene. 
Compositions A, f and B with only pyroxenes on their liquidi 
are not consistent with the systematic changes of liquidus phases with 
increasing xCO outlined above , but the pyroxenes are joined immediately 
2 
by garnet at somewhat lower temperature (comp . f, Fig. 40 and Table 21 ). 
Random failure of garnet to nucleate in the short run time may account 
for these three inconsistencies . 
Quench phases are clinopyroxene, phlogopite, amphibole, (?) apatite 
and carbonate . Primary olivines are 20-30 microns diameter in CO 2 free 
runs, but only a few microns in runs with CO 2 • Clinopyroxene is also 
~10 microns grain size, except in compositions T, Sand A, where it occurs 
as up to 30 microns laths. Orthopyroxene occurs as up to 40 microns 
long needles with quench-clinopyroxene outgrowth. Garnet is euhedral and 
up to 20 microns . It is clear in runs close to the liquidus, but contains 
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tiny, unidentified inclusions at lower temperatures. 
Selected microprobe analyses (normalised to 100%) of minerals 
from almost all experiments are given in Table 21. Garnets and clino-
pyroxenes contain appreciable amounts of Fe3+ in these MI-I-buffered experi-
ments. This is apparent in high totals of the structural formulae. If 
not corrected for Fe3+, Mg-values of garnets and clinopyroxenes are too 
low with respect to equilibrium with coexisting olivine, orthopyroxene or 
liquid (Table 21) . Fe3+ contents in clinopyroxenes were calculated 
according to a method proposed by Ryburn et al. (1976). The resulting 
Mg-values (Mg/Mg+ Fe3+) indicate equilibrium between the coexisting 
phases (Table 21) . No correction for Fe3+ was applied in plotting 
analyses from individual runs in the pyroxene quadrilateral (Fig. 40). 
Also plotted in this figure are coexisting ortho- and clinopyroxene obtained 
by Mori and Green (1976, submittei for publication) on (pyrolite III -
40% olivine)+ H20 at 30 kb, 1150°C, 1200°C and 1250°C and at 40 kb, 
1300°C . These runs are under f ~ NNO and the minerals contain little 
H2 
or no Fe3+ . 
Olivine from runs with olivine melilitite + H20 (i.e., CO 2-free) 
under MI-I-buffered conditions has a higher forsterite content (93.5-95.5, 
Fig. 31 and 40) than under furnace-buffered (<NNO) conditions (Chapter 
III) . Forsterite content in olivines from experiments (also MH-buffered) 
with compositions O and T, where small amounts of CO 2 are present, is 
91 and 90, respectively (Fig. 40 and Table 21), whereas it is 93 in 
composition h with a rather long run time (60 mins compared with 10 and 
15 mins indicating Fe-loss) . A possible explanation for lower Mg-values 
in the presence of CO 2 is that it changes the distribution coefficient of 
Fe and Mg between liquids and crystals. Greatly different oxygen fugacities 
also effect the~' but I <lo not expect that the oxygen fugacities between 
CO2-free and CO 2-containing runs so closely spaced are that different that 
they could cause the change in forsterite content of olivine (see Fig. 38). 
128 
Clinopyroxene coexisting with olivine is always Ca-rich (Table 21) 
and plots on the Ca-rich side of clinopyroxene coexisting with orthopyroxene 
in pyrolite under similar p,T conditions (Fig . 40). It is therefore 
inferred that these clinopyroxenes are not saturated in orthopyroxene. 
Compositions with a higher molecular ratio of CO 2 have only clinopyroxene 
on their liquidus (L , E , K, R). The clinopyroxenes are still Ca-rich 
(Table 21) and plot on the Ca-side of the clinopyroxene in pyrolite, but 
on average, appear to be closer in composition to the clinopyroxene limb 
of the two pyroxene field (Fig . 40 ). These compositions (L, E, K, R) are 
also inferred to be saturated only in clinopyroxene and not in orthopyroxene. 
Even higher molecular ratios of CO 2 (N, M, S, a) bring garnet onto the 
liquidus as well . The garnet compositions within individual runs vary 
mainly in Fe/Mg ratio . Rims of larger garnets are always Mg-richer than 
the cores, which reflects Fe-loss to the sample container. Grossular 
content in garnet increases with increasing temperature (Fig. 40 and 
Table 21) . Clinopyroxenes are now of lower Ca-content and plot on the 
Mg-side of clinopyroxenes coexisting with orthopyroxene under similar 
p,T conditions in pyrolite (N, M, S, a, see also A, f). In most of 
these runs, a second Mg-rich pyroxene group (marked in Table 21 as "opx") 
exists which plots somewhere in the middle of the pyroxene solid solution 
gap. This second group is interpreted as metastable sub-calcic clino-
pyroxene, so that in these runs, garnet, orthopyroxene and clinopyroxene 
should coexist . This interpretation reflects the problem of orthopyroxene 
failing to nucleate and long persistence of subcalcic clinopyroxenes 
proxying for 2-pyroxenes (opx + Ca-rich cpx) encountered in other studies 
(Mori, 1976; Green, 1976). The subcalcic clinopyroxenes are usually some-
what poorer in Ti, Na and Al and richer in Si than the Ca-rich clino-
pyroxenes (Table 21). Clinopyroxene disappears when the molecular ratio 
of CO 2 is increased (C, b, F) and garnet+ orthopyroxene (with compositions 
plotting on the orthopyroxene limb of the pyroxene solid solution gap 
(Fig . 40) are the liquidus phases. 
~ 
Table 21a . Composition of near liquidus phases of olivine melilitite 2927 + HzO + CO2 at 30kb (a. £ . = above liquidus) 
Run No. 6098 6101 5934 600 7 6119 6123 6218 5856 6370 6523 
T [ °C] 1280 1260 1240 1220 1200 1180 1140 1150 1180 12 90 
time [mins] 10 10 20 20 20 20 15 60 10 15 
ol.-mel. :H20:COz -85.14: 14. 8 6: 0- 73.08:26.92:0-- 54 . 68:45.32:() ~55.40:41.3:3.3 74:24:2 86:10:4 
5%H20 10%Hz 20%H20 h 0 T 
phase a. £. ol a . .Q, . a . .Q, . ol ol ol ol cpx cpx Ti-rragn. ol cpx ol cpx 
Si02 41.1 41.6 41.3 41.4 41.5 52.7 51.9 - 41.0 50.7 40.4 50.9 
Ti02 - - - - - . 3 . 3 18.4 - . 5 - . 4 
-
Al2 03 - - - - - 3.9 5.1 3.1 - 6.2 - 7.5 
Cr 203 - - - - - . 2 . 2 2.6 - .5 - . 7 
FeO 6.5 4.6 5.1 5.4 6.8 5.7 5.8 71.2 8. 7 5.9 9.8 4.5 
MnO - - - - . 1 - - - - - - -
MgO 52.1 53. 7 53.4 53.2 51.6 16.4 15.3 4.5 so.a 15.3 49.5 16.4 
CaO .3 . 2 . 2 - . 1 19.8 20.1 . 2 . 3 19.3 . 3 18.3 
Na20 - - - - - 1.2 1.3 - - 1.5 - 1. 3 
KzO - - - - - - - - - - - -
Si .993 .9 96 .991 .995 1.002 1.923 L899 1.000 1.859 .990 L845 
Ti - - - - - .007 .008 - .013 - .012 
Al - - - - - .168 .221 - .269 - .319 
Cr - - - - - .006 .006 - .015 - .021 
Fe .131 .091 .103 .109 .136 .174 .177 .177 .181 .201 .136 
Mn - - - - .003 - - - - 1810 -
Mg · 1.875 1.913 1.910 L90 2 1.856 . 890 .836 1.815 .836 .009 . 886 
Ca .007 .004 .006 - .002 .774 .788 .008 .759 - .710 
Na - - - - - .082 .090 - .107 - .088 
K - - - - - - - - - -
Total 3.006 3.004 3.010 3.006 2.999 4.024 4.025 3.000 ~039 3.010 4.017 
Mg-value 93.5 95.5 94.9 94.6 93.2 83. 7 82.6 91.1 82.2 90.0 86 . 7 
Fe3+corr . 87.6 86.7 89.13 89.7 
-
I--' 
N 
\0 
Table 21 b. 
Run No . 6195 6263 6374 6320 
T [ °C] 1150 1150 1160 1150 
time [mins] 15 15 10 15 
ol.-n:el:H20:COz 54. 7:40 . 8:4.5 G6.0:30.0:4 
E J K 
phase cpx a . .Q, . a . .Q, . cpx spinel 
Si02 51. 7 51.6 . 3 
Ti02 . 5 . 4 2.7 
Al203 5.9 5.0 20.0 
Cr203 . 5 . 3 2.1 
FeO 5.4 6.5 60.0 
MnO - - .2 
MgO 16.0 16.8 14.3 
CaO 18.5 18.1 . 3 
Na20 1.6 1.3 -
K20 - - -
Si 1881 1.887 
Ti .014 .010 
Al .254 .217 
Cr .015 .007 
Fe .163 .198 
Mn - -
Mg .866 . 918 
Ca .721 .709 
Na .111 . 095 
K - -
Total 4.025 4.041 
Mg-value 84.1 82.2 
Fe3+corr. 88.6 88.3 
6375 
1140 
10 
ga cpx 
41.1 51. 7 
1.1 . 4 
20.9 6.5 
.5 . 2 
8.9 5.3 
. 3 -
18.2 16.8 
9.0 17.8 
- 1.4 
- -
24972 1.873 
.05.9. .011 
L785 .277 
.027 .006 
. 538 .160 
.020 -
1.963 .906 
.697, .690 
- .099 
- -
8.061. 4.02 2 
78.5 85.0 
90.0 
6384 6385 
1180 1160 
30 30 
69 . 0 : 28.0:3.0 
R 
cpx cpx 
51.6 51.1 
. 3 . 3 
5.5 5.9 
. 6 . 3 
5.1 6.0 
- -
16.0 16.5 
19.5 18.1 
1.5 1.7 
- -
1.883 L868 
.009 .009 
.235 . 252 
.016 .010 
.155 .183 
- -
.869 · . 900 
.761 .709 
.109 .121 
- -
4-037 4.051 
84.8 83.1 
91.5 92.0 
6460 
1180 
30 
73 .. 0:23.0:4.0 
L 
cpx 
50.9 
. 5 
6.5 
. 6 
5. 7 
-
16.0 
18.4 
1.6 
-
1.858 
.013 
.280 
.016 
.173 
-
.869 
.718 
.112 
-
4-039 
83.4 
89.8 1--' w 
0 
Table 21c. 
Run No. 6244 6366 6059 6107 
T [ °C] 1140 1180 1240 1220 
time [mins] 15 10 10 20 
ol.-mel:H20:C02 ~57:35.4:7.6~ -7 2 . 0 : 2 2 . 0 : 6 . 0 - 77:16:7 
a N A--
.phase ga 11 opx11 11 cpx" ga 11 opx" cpx a.£. 11 cpx11 
Si02 41.7 53.9 53.2 41.5 51.3 51.3 52.8 
Ti02 . 3 . 5 . 4 . 9 . 7 . 5 . 2 
Al203 22.3 4.8 6.0 21.7 6.2 7.7 4.6 
Cr203 .9 - . 4 .3 .1 . 2 .3 
FeO 8.4 8.8 6.0 8.4 8.3 5.5 6.1 
MnO . 2 .1 - . 2 - - -
MgO 20.7 25.0 16.5 19.8 19.5 16.5 18.9 
CaO 5.4 5.9 15.8 7.3 12.7 16.2 15.9 
Na20 . 2 . 9 1.8 - 1.2 2.1 1.2 
K20 - - - - - . 2 -
Si 2.971 1.914 1.919 2.971 L859 1.857 1.909 
Ti - . 018 .014 .011 .047 .019 .013 .006 
Al 1.876 .202 .255 1.831 .267 .329 .197 
Cr . 048 - .010 .018 .004 .006 .007 
Fe .499 .261 .181 .503 .251 .166 .185 
Mn .012 .004 - .010 - - -
-
Mg 2.204 1.321 .887 2.117 1.052 .889 1. 020 
Ca .409 .225 .612 .559 .494 .628 . 618 
Na .029 .063 .128 - .085 .1(14 .084 
K - - - - - .010 -
Total 8.066 4-004 4.003 8.056 4.031 4-042 4.026 
Mg/Mg+ Fe 81.6 83.5 83.1 80.8 80.8 84.2 84.7 
Fe3+corr. 91.1 
6153 6165 
1220 1200 
15 10 
76.7:14.1:9.1 
f 
11 opx11 11 cpx11 ga 11 cpx11 
52.1 51.3 41.4 52.2 
. 6 . 4 . 7 . 8 
6.2 7.7 21.2 6.0 
.4 . 5 . 3 .2 
7.9 6.7 10.4 9.3 
. 2 - . 2 -
23.5 16.3 18.5 19.0 
8.1 15.2 7.4 10.9 
1.0 2.0 - 1. 7 
- - - -
1.860 1.860 2.992 1.890 
.016 .012 .039 .021 
.262 .329 1.806 .255 
.011 .013 .019 .005 
.236 .204 .627 .280 
.005 - .011 -
1. 251 .880 1.991 1.026 
.311 .590 .571 .424 
.071 .140 - .118 
-
- - -
4.023 4.028 8.056 4.019 
84.1 81.2 76.1 78.5 
6522 
1260 
15 
82:12:6 
s 
ga 11 cpx" ga 
40.9 51. 7 41.6 
. 9 . 5 . 4 
22.7 6.4 21.7 
. 7 . 5 . 9 
8.3 5. 7 8.5 
. 3 - . 2 
18.6 18.5 20.3 
7.9 15.4 6.4 
- 1.4 -
- - -
2.935 1.867 2.97 6 
.046 .012 .023 
1.917 . 2 72 L832 
.037 .014 .049 
.497 .173 .508 
.016 - .011 
1.989 .995 2.169 
.604 .595 .493 
- . 098 -
- - -
8.041 4.026 8.061 
80.0 85.2 81.0 
6626 
1180 
30 
M 
11 opx" 
53.0 
. 3 
5.1 
. 2 
7.4 
-
20.0 
12. 7 
1.4 
-
1.908 
.008 
.217 
.006 
.223 
-
1.073 
.489 
.096 
-
4.020 
82.8 
cpx 
52.3 
. 3 
6.0 
. 5 
5.8 
-
16.2 
17.1 
1.8 
-
1.898 
. 009 
.256 
.015 
.177 
-
.877 
.665 
.12 4 
-
4-021 
83.2 
86.5 ~ w 
~ 
Table 21d . 
Run No . .6050 6051 .6224 6242 
T [ °C] 1180 1160 1160 1140 
time [rnins] _20 20 15 15 
ol.-rnel:H20:C02 - 63.6:26.4:10.0 -59.5:24.6:15.9-
C b 
phase a.£. ga opx Ti-rnagn. a.£. ga opx 
Si02 41.7 55.1 1.9 41.6 53.3 
Ti02 . 6 - 23.3 . 6 . 3 
Al203 21.9 3.7 1.4 22.3 6.5 
Cr203 . 4 - - . 3 . . 2 
FeO 10.4 7.9 58.5 10.9 10.0 
MnO . . 2 - - - -
MgO 18.8 31.4 2.3 19.0 27.9 
CaO 6.1 1.5 3.3 5.3 .1. 5 
Na20 - . 4 .5 - . 4 
K20 - - - - -
Si 2.999 1.921 2.991 1.876 
Ti .033 - .034 .007 
Al 1.859 .150 1.886 .268 
Cr .022 - .017 .004 
Fe . 62 7 .232 .652 .295 
Mn .012 - - -
Mg 2.015 1.630 2.038 1. 463 
Ca .467 . 057 .405 .055 
Na - .030 - .024 
K - - - -
8.032 4.020 8.023 3.992 
Mg/Mg+Fe 76.2 87.6 75.8 83.2 
.. 
6045 6049 6258 
I 1240 1220 1150 I 
i 
I 20 20 15 
I 
I 68:14:18.0 4-4.o :3Z.O:M.O 
B G 
; 
I 
i a.£. opx a. £ . 
I 53.2 I 
I . 1 
I 
i 6.1 I 
I 
i . 3 
I 8.9 i 
' 
-
I 29.7 
! 1.3 I 
I 
i . 4 
i 
-
I 
I 1.864 
' 
I .003 
! .252 
I .009 
.262 
-
1.552 
I .047 
I 
.027 I I I 
-
I 
4.016 
85.6 
6265 
1150 
15 
3'7.0 :40.0: 24 . O 
H 
a.£. 
6256 
1200 
15 
4-0.0:2h.Oi 3t.O 
F 
ga opx 
40.8 54.9 
1.0 . 1 
21.0 3.8 
. 9 .4 
9.9 7.6 
. 3 -
19.1 30 . 7 
6.5 1.6 
. 7 1.0 
- -
2.951 1. 917 
.054 .003 
1.794 .154 
.049 .011 
.596 .221 
.016 -
2.058 1.596 
.507 .061 
.098 .067 
- -
8.123 4.030 
77.5 87.8 
I-' 
w 
N 
I> 
Fig . 40a: Ca-Mg-Fe diagrams of near liquidus phases at 30 kb . Crosses represent olivine, diamonds are 
pyroxenes and dots garnets. Stars represent pyroxene compositions from Mori (1976) . 
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Fig. 40b: Liquidus phases at 30 kb. Symbols as in 4Qa . 
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Fig. 40c: Liquidus phases at 30 kb. Symbols as in 40a. 
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Table 22: 
Run No. 6419 6525 
p[kb] 25 25 
T [ °C] 1160 1140 
N M 
phase ol cpx opx cpx 
Si02 39.7 52.0 54.0 50. 7 
TiOz - . 5 . 1 . 5 
Al203 - 5.6 5.1 6.6 
Cr203 - .5 .3 . 7 
FeO 10.9 5.0 7.5 6.7 
MnO - - - -
MgO 48.5 17.1 31.2 15.1 
CaO 1.0 18.0 1.8 17.9 
NazO - 1.2 - 1.8 
K20 - - - -
Si .981 1.886 1.882 1.857 
Ti - .014 .003 . 015 
Al - .240 .209 .286 
Cr - - .015 . 008 .020 
Fe .225 .151 .219 .207 
Mn - - - -
Mg 1.787 .926 1.621 .824 
Ca .026 .698 .065 .703 
Na - .084 - .128 
K - - - -
Total 3.019 4.014 4.006 4.039 
Mg-value 88.8 86.0 88.1 80.0 
Fe3+corr. 88. 3 86.56 
Compositions of liquidus phases at 25, 27 and 35 kb 
6587 6459 6510 6473 6476 
26 27 27 27 
1160 1160 1140 1160 1140 
u N M M 
cpx cpx ga cpx a. Q,. ga opx cpx 
51.8 50.6 41 .3 51.9 41.4 53.0 50.8 
. 3 . 5 . 7 . 5 .9 . 2 . 6 
5.7 6.8 22.4 6.1 20. 9 6.2 7.4 
.8 . 3 .4 . 2 . 8 . 2 .5 
5.6 7.0 8.4 5.3 9.2 7.8 6.4 
-
- . 3 - . 3 - -
16.5 15.9 20.2 16.2 19.3 31.2 16.0 
17.8 17.2 6.3 18.2 7.3 1.4 16.4 
1.5 1. 7 - 1.5 - - 1.9 
- -
- -
- - -
1.886 1.851 2.953 1.886 2.985 1.848 1.850 
.009 .014 .035 .012 .047 .006 .015 
.243 .295 1.889 .262 1.778 .256 . 318 
.022 .009 .021 .007 .043 .005 .015 
.171 .215 .503 .162 .555 .226 .195 
.016 .017 ' 
- -
-
-
-
.896 .868 2.155 .875 2.072 1.622 .866 
.692 .673 .485 .709 .560 .053 .640 
.104 .120 - .106 - - .137 
- -
- -
- - -
4.024 4.043 8.057 4.020 8.057 4.016 4.037 
84.0 80.2 81 .1 84.4 78.9 87.8 81.6 
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b) Mineral chemistry at 25, 27 and 35 kb. 
Analyses of primary phas es are given in Table 22 and plotted in 
the pyroxene quadrilatera l (Fig . 41) together with compositions of ortho-
and clinopyroxene obtained by Mori and Green (1976) on pyrolit e (see above). 
Again those clinopyroxenes coexisting with olivine (N,O) or occurr ing as 
the only liquidus phase (M,N,L) plot on the Ca-rich side of, or coincide • 
with, the calcic pyroxene limb of the two-pyroxene field as defined by 
experiments in pyrolite. In contrast to the 30 kb experiments, clino- and 
orthopyroxenes exsolve to their equilibrium compositions at 25 kb and 
27 kb (M, Fig. 41) and plot closely with the pyroxenes in pyrolite from 
similar temperatures. 
Ortho- and clinopyroxene compositions in olivine melilitite 2927 
+ R20 + CO 2 from 25-35 kb are very similar to those in pyrolite under 
similar p,T conditions with respect to Ti, Mg, Ca and Na contents, but 
have markedly higher Al and lower Si oontents (Tables 21 and 22 , Mori 
and Green, 1976, pp. 128, 129). Because of h igher oxygen fugacities, 
total Fe content is also higher in clinopyroxenes from this study than 
in those r om pyrolite. 
Garnet coexists with clinopyroxene at 27 kb, 1140°C in composition 
N (>20°C below liquidus) and at the same conditions with orthopyroxene 
and clinopyroxene in composition M (<20°C below liquidus). The latter 
garnets are more grossular-rich than the former and both are slightly 
higher in grossular content than the garnets from 30 kb at simila r tempera-
tures. All garnets are very similar to those from pyrolite under similar 
conditions except for lower Cr-content and higher Fe 3+ content. 
4. Conclusions 
Experimental studies on olivine melilitite + H20 + CO 2 using an 
external MH buffer ensure low fH
2
, high f
0 2 
and the persistence of CO 2 
rather than more reduced carbon species in exper i mental runs. However, 
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the compositions of minerals, particularly titanomagnetite, garnet (wi th 
andradite and clinopyroxene (with Fe3+ substitution), crystallized in 
ss 
the experiments, contrast with those of natural garnet lherzolites of 
mantle derivation (containing ilmenite, garnet and clinopyroxene all with 
low Fe3+ contents). Thus, the f 0 conditions of the MR-buffered experi-2 
ments render them not strictly applicable to natural mantle processes. 
However, it has also been shown that similar liquidus temperatures and 
similar near-liquidus roles for olivine, orthopyroxene, clinopyroxene and 
garnet are observed at hydrogen fugacities ~ NNO (Chapter V, 2). It is 
thus concluded that the experimental results obtained with the MH buffer 
are applicable to natural conditions with reference to the ~ffects of CO 2 
and H20 on the liquidus temperatures and silicate liquidus phases of 
olivine melilitite 2927. 
Olivine was not observed to coexist with orthopyroxene, clino-
pyroxene and garnet as a liquidus phase under any p, T, ~ 0 and xCO 2 2 
investigated. A narrow field of clinopyroxene always separates an olivine 
+ clinopyroxene field from an orthopyroxene + clinopyroxene + garnet field. 
This suggests either that olivine melilitite 2927 is not a partial melting 
product of a four-phase lherzolite source in the presence of H20 and CO 2 
(e.g., Cl could be an additional important vapor phase component as 
suggested by high Cl-contents in sodalites - see Chapter II) or that its 
composition was slightly changed (by loss of olivine) on its way to the 
surface or (and) that there is a reaction relationship in the source region 
involving olivine. 
The last possibility is suggested by experiments in the simple 
system diopside + forsterite + CO 2 • Eggler (1975) describes the melting 
of this assemblage at pressures greater than 27 kb by the reaction 
diopside + forsterite + CO 2 ~ enstatite + liquid, showing that both 
diopside and forsterite melt incongruently. Frey and Green (1976, sub-
mitted for publication) deduced models for partial melting of olivine 
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melilitite 2927 from a garnet lherzolite source (pyrolite) in the presence 
of H20 and CO 2 by selective melting of components from the major silicate 
phases and formulated a. hypothetical reaction similar to the one given 
here: olivine+ clinopyroxene (diopside, jadeite, etc. solid solution) 
+ (melt, containing H20) + CO2 (melt 2 containing monticellite + H20 + 
CO 2)+ garnet+ orthopyroxene. 
Such a reaction also implies (at least in a simple system) that 
there should be a phase boundary in a p, T, ~ 0 , xCO space, along which 2 2 
olivine, orthopyroxene, clinopyroxene and garnet are coexisting. In the 
complex system olivine melilitite-H20-C0 2 with extensive solid solutions 
in the minerals involved, such a reaction boundary will be a multivariant 
field. The probability of experimentally locating and intersecting with 
the four-phase saturation field in the presence of the reactiol relation-
ship and so many controlling variables is considered to be quit e low. 
Thus, I would argue that conditions of origin for olivine 
melilitite 2927 in terms of the variables studied should be sought where 
the field for olivine+ clinopyroxene as liquidus phases approaches most 
closely to that of orthopyroxene + clinopyroxene + garnet. 
The field with clinopyroxene as the only liquidus phase diminishes 
with decreasing pressure whereas that of olivine+ clinopyroxene expands 
to higher CO 2 contents (Fig. 39 ). This pressure dependence of the role 
of near-liquidus phases suggests to me that olivine melilitite 2927 can 
be a partial melting product of a peridotitic source at pressures around 
27 kb (= incoming of garnet) and temperatures between 1160-1180°C with 
7-8% H20 and 6-7% CO2 dissolved in the melt. 
The effects of five variables (pressure, temperature, xH 0 , xCO 2 2 
and f ) were investigated in this study. 
02 
Possible combinations of these 
variables give a rather wide field to experiment with and, contrary to the 
view expressed above, there may not be a unique solution (P,T,% H20, % CO2) 
to the problem of the origin of this olivine melilitite. Definite constraints 
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for such conditions are set by the incoming of a field orthopyroxen · + 
clinopyroxene + garnet. However, as shown in Fig. 36 at 30 kb, these 
three phases can coexist over a wide range of H20/C0 2 ratios, where xCO 
2 
(the amount of CO2 present) is fixed and xH20 can vary widely. This may 
mean that the compositions,derived by low degrees of partial melting in 
the presence of H20 and CO2, is buffered as to the approximate percentage of 
melt by temperature and amount of H20 present, but is critically con-
trolled as to degree of silica undersaturation as mea sured by normative 
larnite + leucite contents by the amount of CO2 present. The meaning of 
this is exemplified in the following little scheme: Olivine nephelinite 
may be the lowest partial melting product (~5%, Frey and Green, 1976) of 
a peridotitic source in the presence of H20 (no CO 2) alone which reaches 
the surface of the earth. The presence of small amounts of CO2 (xCO = 
2 
CO2/CO2+ H20 + melt ~.07 in the melt) will change the composition to 
an olivine melilitite like 2927 for similar degrees of partial melting 
buffered by temperature and the amount of HzO present. The product of 
higher degrees of partial melting, be it by increasing temperature or 
H20 content and ·maintaining xC
02 
constant,will be olivine nephelinite 
whose chemical characteristics are somewhat different (e.g., CaO/Na20 
is higher, ·see Frey and Green, 1976) to that derived by melting in the 
presence of H20 alone. Increasing xC
02 
for the same degree of partial 
melting will make the _composition of the melt more olivine and larnite 
normative. 
CHAPTL VI 
Ca, Mg ENRICHED OLIVINE MELILITITE (2927 CARB) AT 30 kb AND 
35 kb UNDER MR-BUFFERED CONDITIONS 
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1. Introduction 
As discussed in Chapter V, the degree of undersaturation of 
magmas derived by low degrees of partial melting is dependent upon the 
degree of partial melting and the amount of H20 and CO2 present. Chapt e r 
II shows that there are significant and apparently systematic differences 
in emical compositio s of olivine melilitites from different ar e as, but 
also many common features. The most prominent trends are the inverse 
relationship between (~aO + MgO) and Si02 (with CaO/MgO constant) and the 
direct proportiona ity of (Cao+ MgO) with CaO/Al203 and Mg/Mg+ Fe 2+(for 
Fe203/FeO = .15). The increase of normative larnite and olivine content 
and the decrease of normative diopside suggests as a working hypothesis 
that the (CaO + MgO)-rich South African olivine melilitites were derived 
either from a sourc richer in CO2 than that for the Hawaiian melilitites 
and for olivine melilitite 2927 or formed by lower degrees of partial 
melting. Alternatively, both factors may have operated together. To 
test these ideas, Ca- and Mg-carbonate was added to olivine melilitite 
2927 glass in such amounts that the resulting mixture gave CaO/MgO = .8 
and CaO/Al203 = 1.8, i.e., similar values to those of the South African 
olivine melilitites . The mixture was sintered for several hours at 1000°C 
under oxidizing conditions and used as starting material. The chemical 
composition is given in Table 23; this starting composition is referred 
to as 2927 CARB in this study. The modelling of the South African magmas 
by this composition does not take into account that Ti02 increases and 
Na20 decreases and K20 and P20s remain constant or increase in the sequ ence 
from Hawaiian to South African olivine melilitites (see Fig. 1 and 7). 
2 . Experimental Results 
The experiments were carried out under MR-buf fered cond i tions at 
30 kb and 35 kb along a join in the s ys tem 2927 CARB + H20 + CO 2 with a 
constant volatile content (in mol-%; equivalent to 20 wt .% H20), but 
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Table 23: Composition of 2927 CARB and amounts (in wt%) of H2o and 
CO
2 
(as Ag 2c2o4) added for experiments. 
2927CARB H20 CO 2 ~ 2o = H20/H20+C0 2 
Si02 35.0 80 
20 1 
Ti0 2 2.6 
Al2o3 8.8 
77.1 16.8 6.1 .87 
FeO 11.9 
MnO . 2 73.6 12.9 13.5 .70 
MgO 19.8 
CaO 15. 8 69.9 8.7 21.4 . 5 
Na2o 3.5 
K20 1.3 65 .8 
4.1 30.1 .25 
P205 1.2 
77 .2 22.8 0 
... 
oc 1500 
• above liquidus 
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Fig. 42: Olivine melilitite 2927 CARE+ H2o + CO2 at 30 and 35 kb 
under MR-buffered conditions 
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varying H2 0/H2 0 + CO2 (see Table 23). The sample container used was varied 
according to run temperatures as described in Chapter V. No buffer was 
applied in runs with 2927 CARB + CO2 and the starting mix was not sintered 
so that it consisted of olivine melilitite 2927 glass+ carbonates+ 
Ag2 c2o4 • This composition does not lie on the same compositional join as 
the other compositions but since the experiments show that t he 2927 CARB 
is saturated with CO2 at this low r CO2 content, the results can be applied 
to the H20-free composition on the join. 
a) 2927 CARB + H20 + CO2 at 30 kb. 
Olivine is the liquidus phase for 20% H20. It is joined by 
clinopyroxene, when some H20 is replaced by CO2 (Fig. 42). Clinopyroxene 
and olivine have disappeared at xH O = .7 and orthopyroxene is the only 2 
liquidus phase. Orthopyroxene coexists with garnet at xH
2
0 = .25 and 
pyroxene (probably clinopyroxene) is the liquidus phase, when CO2 alone is 
present. The liquidus is lowered markedly from about 1160°C to about 
1110°C, when H20 is replac~d by CO2 so that for the same amount of volatiles 
present (in mol %), a mixture of H20 + CO2 lowers the liqu idus more than 
H20 alone. From the shape of the liquidus in Fig. 42, it is inferred tha t 
at least 13.5 wt.% CO2 together with 12.9% H20 are soluble in 2927 CARB at 
30 kb. 
b) 2927 CARB + H20 + CO2 at 35 kb. 
At least the same amounts of H20 and CO2 are soluble in 2927 CARB 
at 35 kb (Fig. 42). Olivine is still the liquidus phase in the presence 
of H20 alone, but has disappe red at ~
20 
= .87 and clinopyroxene is the 
only liquidus phase. Garnet is stable as a liquidus phase to considerably 
higher ~
20 
than at 30 kb. It coexists with orthopyroxene at ~
20 
= .7, 
1120°C , but was so rare, that it could only be identified in the grain-
mount and not in the polished mount for microprobe analyses. Orthopyroxene 
was also rare and only 1 grain was big enough for analysis (Fig. 43). 
Garnet and orthopyroxene continue to be liquidus phases for lower x H20 . 
Garnet alone is liquidus phase, if only CO2 is present. 
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3. Mineral Chemistry 
All primaLy phases are rather large for experimental runs : 
oliv ne is up to 70 .. lcrons diameter, garnet up to 200 microns, clino-
pyroxene 20-30 microns and orthopyroxene up to 50 microns. In the presence 
of H20, the charges quench entirely to a crystalline assemblage of car-
bonate, mica, (?)amphibole and clinopyroxene . 
The forsterite content of liquidus olivine is very high because 
of the high MgO/FeO ratio in the starting mix and the external MH buffer 
applied. As in experiments with olivine melilitite 2927, it is lower in 
the presence of CO2 (Table 24 and Fig. 43). Clinopyroxenes are very Ca-
rich and are not saturated in orthopyroxene. Structural formulae calcu~ 
lated for 6 o2- yield cation totals> 4 and indicate Fe 3+ due to the exter-
nally applied MR buffer. Mg-values of clinopyroxenes are similar to those 
of orthopyroxene, when a correction for Fe 3+ is made (after the method of 
Ryburn et al., 1976)~ Orthopyroxenes are very uniform in composition in 
individual experiments, but Al-content varies from run to run as it does 
for clinopyroxene. Garnet is strongly zoned from the center to the rim 
(Fig. 43). The zonation is mainly in Ca and Mg-contents (Mg-richer at 
rims) which is different to the zonation of garnets in olivine melilitite 
2927, where Fe-loss to the capsule was recorded and is shown by the garnet 
composition. In the latter example, Ca and Mg remained roughly constant. 
The best explanation of the different zoning patterLs in the two composi-
tions lies probably in the different oxidation states of the starting 
materials. 2927 CARB was a sintered mix with all Fe oxidised to Fe3+ 
whereas 2927 glass contained very little Fe3+ (Table 8). It is inferred 
that garnet nqcleated in 2927 CARB before the oxidation state of Fe was 
adjusted (enough Fe 3+ was reduced) to the level imposed upon the system 
by the external MR buffer. Thus, an andradite-rich garnet (appropr iate 
to the initially high Fe3+ content) nucleated and did not adjust during 
the run; instead it grew new layers with the equilibrium content of andradite, 
Table 24. Mineral Analyses in Composition 2927 CARB 
a) at 30kb 
Temp. 1140 1140 1100 112(' 1180 1400 
~20 
1.0 .87 .7 . s 
.25 0 
phase ol ol cpx opx opx opx ga "cpx" 
Si02 42.2 41.6 50.5 55.9 54.9 54.7 41.6 49.2 
rr·o 
-
- .5 - - - . 7 1.2 _ l 2 
Al 2o3 - - 5.7 3.3 5.6 5.4 22.0 9.9 
Cr 2o3 - - . 5 .3 .1 . 2 .8 . 3 
re o 2.2 4.9 4.8 5.5 6.2 6.3 8.0 4.6 
HnO -
- - - -
- . 3 
HgO 55.5 53.4 15.8 33.7 32.1 31.3 20.9 17.7 
<-;aO . 1 
.1 21.1 1.3 1.2 1.7 5.5 15.7 
1 Ta 2o - - 1.2 - - .3 . 2 1.4 
(' . )l .998 
. 997 1.851 1.924 1.892 1.894 2.966 1. 774 
Ti -
- .014 - - - .038 .031 
Al - - .247 .134 .227 .221 1.851 .420 
Cr -
- .013 .008 .004 .005 .045 .009 
Fe .044 
.098 .148 .159 .178 .184 .477 .139 
Mn -
- -
- - - .017 
Mg 1.958 1.905 . 861 1.731 1.648 1.616 2.219 .952 
Ca .002 
.003 .831 .048 .045 .063 .422 .605 
:Ta -
- .081 -
- .022 .026 .010 
'T'o tal 3.002 3 .003 4.046 4.005 3.993 4.004 8.061 4.030 
Y<s value 97.8 95.1 85.4 91.6 90.3 89.8 82.3 87.2 t-' .p.. 
3+ 00 Fe corr 93.8 
Table 24, cont'd. 
b) at 35kb 
Temp. 1150 1150 1120 1140 1140 
. 
~20 1.0 
.87 .7 .5 0 
phase ol cpx opx ga opx ga ga 
Si02 42.1 52.7 57.1 55.8 41.8 42.7 
Ti02 - .2 - - 1.0 .4 
Al 2o3 - 3.4 2.2 4.1 21.8 23.8 
Cr2o3 - .4 . 2 .1 .6 
.4 
FeO 3.3 3.9 5.2 5.9 7.7 3.5 
MnO - - - - . 2 
MgO 54.6 16.9 34.3 32.7 21.4 24 .3 
cao - 21.6 1.1 1.1 5.3 4.5 
Na 2o - .9 - .3 .4 .3 
Si 1.000 1.921 1.959 1.922 2.974 2.965 
Ti - .004 - - .051 .019 
Al - .147 .089 .166 1.826 1.948 
Cr - .011 .004 .003 .032 .024 
Fe .066 .120 .149 .169 .457 .203 
Mn - - - - .009 
Mg 1.933 .918 1.755 1.681 2.268 2.516 
Ca - .845 .039 .041 .400 .337 
Na - .061 - .021 .056 .037 
r' 
Total 2.999 4.027 3.995 4.003 8.073 8.049 .p,.. I..D 
Mg Value 96.7 88.4 92.1 90.9 83.3 92.6 
Fe3+ corr 93.3 
~ 
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grossular and pyrope. The difference in oxidation state between the 
starting material of olivine melilitite 2927 and the oxygen fugacity 
imposed upon the system by the MH buffer is smaller than for 2927 CARB 
and the garnets record mainly Fe-loss to the capsule. This is supported 
by the zoning in garnets from a run at 35 kb, 1440°C (Fig. 42) with 2927 
glass+ carbonate+ Ag2C204 (= less Fe3+ content) as starting material, 
which records only Fe-loss to the Pt-capsule (Fig. 43). 
4. Conclusions 
A similar change of liquidus phases with increasing xCO is 
2 
observed in 2927 CARB + H20 + CO2 at 30 kb and 35 kb as in olivine melilitite 
2927 + H20 + CO2 at pressures~ 27 kb. But contrary to the relationships 
in 2927 + H20 + CO2, the field of garnet+ orthopyroxene as liquidus phases 
occurs only for very hig_h, xC
02 
at 30 kb and is separated from a field 
olivine+ clinopyroxene by orthopyroxene. Olivine is stable to higher 
xC
02 
than in 2927 + H20 + CO2. The field with garnet+ orthopyroxene 
moves with increasing pressure very rapidly towards H20-rich compositions 
(Fig. 42) and thus approaches the field with olivine+ clinopyroxene as 
liquidus phases (which decreases with increasing pressure) 
Thus, if 2927 CARB is considered to be sufficiently similar in 
composition to model their petrogenesis, olivine melilitites like those 
from the Schwabische Alb and South Africa (Saltpetre Kop, Sutherland) are 
derived from a garnet peridotite source at higher pressures than the 
Tasmanian olivine melilitite 2927 and formed in the presence of higher 
amounts of CO2 and/or smaller degrees of partial melting. Melting proceeds 
by a reaction involving olivine and clinopyroxene as proposed in Chapter V. 
The presence of an olivine+ clinopyroxene reaction relationship can explain 
the chemical features exhibited by the olivine melilitites, i.e., increasing 
Cao+ MgO/Si02 reflects increasing monticellite content in the melt, 
whereby the CaO/MgO is roughly kept constant. CaO/Al 203 increases due to 
____ ______......... 
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more residual garnet. CaO/NaiO also increases due to the preferential 
melting of components in clinopyroxene. K20 and P20s increase because of 
lower degrees of partial melting. The wide range of (adjusted) Mg-values 
shown by olivine melilitites from different areas can be narrowed down by 
postulating higher oxygen fugacities in the source region of Hawaiian 
olivine melilitites than in the source region of the continental melilitites. 
This _conclusion is supported by the compositions of the olivines (Fig. 2). 
This still leaves a range of Mg-values from about 69-75 to be explained. 
One possibility is that the mantle under the continents is more refractory 
than under the ocean and also that it becomes more refractory with increasing 
depth. A second possibility, suggested by the experiments, is that the 
Fe,Mg-distribution between ferromagnesian minerals and liquids is influ-
enced by the presence of CO2, so that ~ = (F_e 2+ /Mg) 01 / (Fe 2+ /Mg) liq is > 
.33 in the presence of CO2 and~ .33 in the presence of H20 and under dry, 
CO2-free conditions. High abundances of REE (e.g., Kay and Gast, 1973; and 
Frey and Green, 1976) and high K20 and P205 argue against the first possi-
bility. The second possibility has not yet been adequately tested by 
experiment and remains inconclusive. The suggestion is supported by 
higher Mg-values of carbonates than coexisting silicates (see Chapter VII). 
Thus, it is argued that the chemistry of olivine melilitites indi-
cates conditions of origins. High CaO + MgO/Si02 indicates greater depths 
of origin and presence of greater amounts of CO 2 (in addition to H20), K20 
and P 2o5 are independently indicators of the degree of partial melting. 
This suggests that the Hawaiian, Tasmanian~ Texan and northern Hessen 
olivine melilitites originated at similar depths. Hawaiian olivine 
melilitites are generated under higher oxygen fugacities than the conti-
nental melilitites, probably in the presence of less CO2, and also formed 
by higher degrees of partial melting . The melilitites from northern Hessen 
represent the lowest degree of partial melting in this series. Increasing 
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depths of origin (and increasing amounts of CO 2? ) is indicated for South 
African olivine melilitites in the order Spiegel River+ Robertson, 
Schwabische Alb and Saltpetre Kap+ Sutherland. 
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1. Introduction 
The occurrence of CO2 as an important component in natural 
volcanic processes and experimental studies on the influence of CO2 on 
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melting relationships of simple silicate systems (e.g., Eggler, 1973) and 
near-liquidus phase relationships of a natural olivine melilitite (Brey 
and Green, 1975) prompted investigations on the possible mode of occurrence 
of CO2 in the upper mantle. Possibilities are summarized by Irving and 
Wyllie (1973, p. 223) and further discussed below. CO2 may occur: 
a) as a free vapor phase; b) dissolved in silicate magmas; c) as crystalline 
carbonate; d) as an interstitial carbonate liquid immiscible with silicate 
• 
melt; e) tetrahedrally coordinated carbon substituting Si in olivine or 
pyroxene; f) structurally bound in silicates such as spurrite, tilleyite 
and scapolite (meionite) or possible magnesian analogs. 
Newton and Goldsmith (1975) show that meionite can be stable up 
to about 30 kb on its own composition, but that its stability is decreased 
to at least 15-17 kb in the presence of ferromagnesian minerals. Spurrite 
and tilleyite are low pressure phases and possible high pressure Mg-
analogues have not been found so far in experimental studies of appropriate 
systems (e.g., Wyllie and Huang, 1976; Eggler, 1975). Tetrahedrally co-
ordinated carbon in silicates, proposed by Ernst and Schwab (1972), also 
has not been found in experimental studies (e.g., Brey and Green, 1975). 
However, such a coordination may not be quenchable to atmospheric pressures 
or the pressures reached in the experiments were not high enough to 
stabilize such a substitution. 
Studies on olivine melilitite 2927 + CC5sMC42 (Chapter IV) show 
complete miscibility of carbonate and silicate liquids from 5-30 kb which 
argues against an immiscible carbonatite liquid in the mantle. High solu-
bilities of CO2 in silicate liquids (see Chapter IV, Brey and Green, 1976; 
Brey, 1976; Eggler, 1973; Mysen et al., 1976; Wyllie and Huang, 1976) show 
.... 
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that CO2 can be dissolved in an interstitial melt at conditions above the 
solidus of mantle peridotite. 
Based on the assumption that CO2 is a nonreactive volatile species 
with very low solubility in silicate melts, H. W. Green (1972) suggested 
that the Low Velocity Zone is caused by bubbles of a free CO2-rich fluid. 
Subsequently, Newton and Sharp (1975) investigated the reaction forsterite + 
CO2~ enstatite + magnesite and argued that CO2 cannot occur as a free 
vaporphase in equilibrium with olivine under normal mantle conditions. 
In mantle peridotite containing CaO, CO2 can occur in dolomite due to the 
reaction (1) diopside + forsterite +CO2~ enstatite + dolomite (Eggler, 
1975) and at higher pressures as magnesite due to the reaction 
(2) enstatite +dolomite~ diopside + magnesite (Brey and Green, ·1976; 
Kushiro et al., 1975). The appearance of dolomite, and with increasing 
pressure, of magnesite is in agreement with Wyllie and Huang's (1976) 
largely schematic carbonation reaction sequence, but reaction (2) does not 
appear in this study, since these authors only considered reactions in the 
presence of CO 2 . Brey and Green (1976) found reaction (2) to occur in 
(pyrolite - 40% ol) + H20 + CO2 at 950°C between 25-30 kb, whereas from 
Kushiro et al. 's (1975) data on the simple system enstatite + calcite, . the 
reaction would be expected at ~40 kb. This discrepancy led to further 
study in the simple system and in pyrolite. 
The melting of a model peridotite in the system CaO-MgO-Si02 in the 
presence of CO2 was investigated by Eggler (1975 and 1976) and Wyllie and 
Huang (1976). At pressures greater than about 26 kb, the assemblage diopside 
+ forsterite + CO2 melts to enstatite + liquid with a negative (dP/dT) slope 
(Eggler, 1975). Wyllie and Huang (1976) deduced a pressure maximum in the 
melting curve of this assemblage, thus, that at sufficiently high pressure 
(~25-30 kb), it melts to yield a carbonatitic liquid at low temperatures, 
resolidifies at higher temperature and then remelts at even higher tempera-
ture to yield a silicate melt. This conclusion has been revised following 
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further experiments (Wyllie, personal communication) in favour of a solidus 
of the form shown in Fig. 50 (Eggler, 1975). Mysen and Boettcher (1975) 
calculated solidi of a four-phase lherzolite with varying H20/H20 + CO2 in 
the vapor phase. However, they based their calculations on the assumption 
that CO2 is an inert species in silicate systems. This assumption is not 
valid as the previously described solubility data and carbonation reactions 
show. Because of the paucity of data and diversity of opinion, we also 
attempted to study the melting behaviour of pyrolite in the presence of 
small amounts of H20 and CO2. The low H20 content of olivine tholeiite 
glasses (high% melt of the mantle) and the successful application of melting 
experiments under vapor-undersaturated conditions of a peridotitic compo-
sition (Green , 1973) argue that this situation is most relevant for the 
understanding of mantle melting processes. 
2. Experimental Methods 
Most experiments were carried out under Ml-I-buffered conditions. 
Pt and Ag75Pd25 were used for the buffer capsule and Ag77Pd23 for the sample 
capsule for the experiments with pyrolite and Pt for experiments in the 
system diopside - forsterite - CO2. Starting material for experiments with 
pyrolite was pyrolite III - 40% olivine (described by Green, 1973). Where 
small quantities of H20 were required (.15 and .3% H20), H20 was reacted 
with the sintered mix at 900°C, 12 kb in large capacity runs (100 mg) to 
yield an amphibole-bearing assemblage. The reground sample was used for 
further experiments and the powder X-ray method provided a sensitive test 
for the presence or absence or change in relative proportions of amphibole 
or phlogopite. 
We wished to carry out experiments on pyrolite in the amphibole 
stability field under H20-undersaturated conditions. It was not possible to 
maintain H20-undersaturated conditions, when a MH buffer was applied, since 
by the very nature of the buffering technique, hydrogen migrates into the 
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sample capsule and gene rates H20-saturated conditions. Experiments carrie d 
out by this technique showed restricted amphibole stability fi e ld and lowe r 
solidus temperatures, even for xC
02 
= 0, than those established by Green 
(1973), but do not allow any conclusions on the melting of amphibole. Thus, 
we tried to create a closed system (closed to hydrogen) by using gold as 
capsule material (gold is the least permeable to hydrogen of the noble 
metals commonly used in experiments), by using fired f.~rnace components 
and pyrex glass sleeves and keeping the assemble at 110°C until just 
before the run. Starting material for this series of experiments was 
· .~mphibole-bearing pyrolite - 40% olivine (with .3% H20) to which 1.4% MgC03 
was added. This mix was placed in the Au-capsule, dried for several 
hours at 110° C and then the capsule was welded immediately. In a further 
reconnaissance study of the effects of CO2 in the presence of H20, experi-
ments under vapor-saturated condition were c~rried out with a MR buffer. 
For one series of experiments, 12% COi (as Ag2C204) + 5% H20 (xH
2
0 = 
H20/H20 +CO2= .5) was added to (pyrolite - 40% ol) and for another set 
of experiments, 2.5% CO2+ 9% H20 (xH
2
0 = .9). 
In some of our experiments with pyrolite, we wanted to reach 45 kb 
with the piston-cylinder apparatus. We routinely use a combination of talc 
+ pyrex glass sleeve in our experiments with buffers (see Chapter Ill) 
for the furnace assembly and apply a -10% friction correction for the piston-
in-technique. The maximum pressure which can be reached safely by this 
method is 45 kb, but piston failure is not uncommon at t hat pressure . We 
therefore replaced the talc+ pyrex glass combination by a KCl sleeve and 
assumed that, because of the very low strength of KCl, essentially no f r iction 
correction is ~ecessary. In this manner, higher real pressures o f 4 5-50 kb 
can be reached very close in value to the nominal pres sur e . 
For experiments · (under MR-buffered condit i ons ) in the syst em 
diopside-forsterite-C02 , three different kinds of starting mater i al s o f 
isochemical bulk composition were used: 
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A) 3MgSi03 (clinoenstatite, Tern-Pres)+ CaMgSi2 06 (Tern-Pres)+ 2MgC03 . 
B) 5MgSi03 + CaMg(C03)2 (natural dolomite, BS No. 88, Si02 = .31, Ti02 = 
.005, Al203 = .067, Fe203 = .084, MnO = .006, MgO = 21.48, CaO = 30.49, 
Forsterite · was added in some experiments (Table 25) and for a 
reversal experiment at 38 kb, 1100°C, a mixture of diopside + magnesite 
(50 : 50 in rnol . ratio)+ 10 wt.% forsterite were used. The grainsize of 
the minerals was~ 15 microns except for dolomite (up to 25 microns). 
3. Experimental Results 
a) In the system diopside + forsterite + CO2 . 
- -- ---
Run conditions and results are listed in Table 25. In runs with 
enstatite + diopside + magnesite the MH buffer was exhausted after 1 hr at 
30 kb and 35 kb, however, only the carbonates in the centre of the cylindri-
cal capsule were reduced to graphite and gave a black discoloration to the 
charge. Towards the rim of the capsule, the sample remained white and 
unreduced. The buffer was not reduced after 1 hr run time at the same P, 
T conditions in the reversal experiments with enstatite and dolomite as 
starting mix. 
The starting compositions (except those where extra forsterite 
was added) lie in the plane enstatite-diopside-dolomite-rnagnesite within 
the system Ca0-Mg0-Si02-C02. Two univariant reaction curves are crossed 
with increasing pressure at constant temperatures for compositions lying 
in the pyroxene-carbonate plane: 
(1) forsterite + diopside +CO2~ enstatite + dolomite 
(2) enstatite + dolomite ~ diopside + magnesite. 
Both reactions were reversed at 950°C between 15 kb-20 kb and 
25 kb-30 kb, respectively and reaction (2) also between 38 kb, 1100° C and 
41 kb, 1050°c: Reversal experiments were carried out by reacting the 
..... 
Table 25: 
Pressure Temp. Time 
kb oc min 
15 950 210 
15 II 120 
20 II 210 
20 II 120 
25 II 210 
30 II 180 
30 II 60 
30 II 60 
30 II 60 
35 II 120 
35 1100 30 
38 II 25 
38 II 20 
41 II 15 
41 1050 15 
~ 
Run conditions and results of carbonation reactions. 
Starting mix Results 
buffer 
o.k. (A) en+ di+ MC enss, diss, fo, tiny carb. , CO2 
0. k. (B) en+ dol. enss' diss, fo, [dolomite], CO2 
o. k. (A) en + di + MC enss, diss' dolss 
0. k. (C) en+di+fo+c02 enss, diSS' dolss, [fo, COz] 
o.k. (A) en + di + MC enss' diss, dolss 
exh. (A) en + di + MC enss, diss' MC ss -, Si02, graphite 
exh. (A) +20 wt% fo enss, diss, MCss, fo, graphite 
o. k. (B) en+ dol. enss' diss, MCss 
0. k. (B) +40% fo enss, diss, MCss, fo 
exh. (A) en + di + MC enss, diss, MCss, Si02, graphite 
o. k. (B) en + dol. en8 s, dol88 
0. k . (B) II II enss, dolss 
0. k. di+ MC+ fo en8 s, dol 8 s, fo, [di] 
0. k. (B) en+ dol. enss, dol 8 s 
o. k. (B) II II [en], diss, MCss 
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assemblage stable on one side of the reaction curve in the stability field 
of the reaction products (see Table 25). Reaction occurred very quickly, 
but complete equilibration was not achieved due to sluggish reaction of 
the pyroxenes as indicated by their composition (Fig. 44). Also, phases 
persisted which should have reacted out (indicated in Table 25 by square 
brackets). The experimental dilemma is, however, emphasised in that longer 
run times would exhaust the buffer and lead to reduction of CO2 . Similar 
difficulties were encountered by Kushiro et al. (1975) in the tetrahedral 
anvil apparatus. The experiments carried out clearly establish the direction 
of reaction for the chosen p,T conditions and reactants and thus place 
limits on the p,T conditions of the equilibrium curves. 
At 30 and 35 kb, with the enstatite + diopside + magnesite starting 
material, Si02 (coesite) occurs as minute grains (<4-5 microns). No Si02 
appears when forsterite is added or enstatite + dolomite is used as a 
starting material. The interpretation offered is that a succession of 
reactions occurs when the charge is brought to the desired p,T conditions 
and Si02 remains metastably as a transient product. Such .an interpretation 
is suggested by the phase relationships · in the system Mg0-Si02-C02 given 
by Wyllie and Huang (1976). These authors show that enstatite + CO2 react 
to magnesite+ Si02 at sufficiently high pressure and low temperature. 
Ho~ever, the compositions used in this study do not lie on the CO 2-rich 
side of the pyroxene-carbonate plane and this reaction should not occur 
under equilibrium conditions. A similar conclusion applies to the react i on 
enstatite + dolomite +CO2~ magnesite + Si02 (Wyllie and Huang , 1976 ) . 
ss . .._- ss ' 
If, however, free CO2 was present as a transitory phase (magnesite is ther-
mally relatively unstable at low pressures - it decomposes at 350° C at 1 
atm) while the run was brought to its desired p,T conditions, a reaction of 
this type may have occurred. Pressure and temperature we re increased simul-
taneously, but pressure much faster than temperature. Thus, the field 
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magnesite+ Si02 may have been crossed and Si02 remained metastably at 
run conditions. When forsterite was added (see Table 25), it acted as a 
buffer and no Si02 was formed. Dolomite is thermally more stable than 
magnesite and began to react when run conditions were reached and thus no 
metastable Si02 was formed. 
b) Experimental results on (pyrolite-40% ol) + H20 + CO2 (Brey, . 
Green, Hibberson). 
The experiments on (pyrolite-40% ol) + H20 + CO2 were intended to 
establish the nature of carbonates at the solidus and to evaluate the 
influence of CO2 on the stability field of amphibole and solidus of pyrolite 
under H20-undersaturated conditions. 
The determination of the 1120-undersaturated solidus could only 
be achieved by using gold capsules, keeping the furnace assembly as dry 
as possible and thus, minimizing the migration of hydrogen into the capsule. 
If this is not prevented then there is reduction of CO2 and, under MH-
* buffered conditions, high H20 contents are imposed upon the system. 
The determination of the solidus of peridotitic compositions is 
rather difficult. An important criterion is the textural appearance in 
crushed grainmounts and in polished mounts. From the experiments with 
(pyrolite-40% olivine)+ .3% H20 + 1.4% MgC03 run no. 6672 (Table 26) is 
considered to be subsolidus, whereas Nos. 7103, 7102 and 7107 appear to 
be above the solidus. Orthopyroxenes, clinopyroxenes, olivines and amphi-
boles all are smaller than 10 microns in run 6672 and form a dense ground-
mass in which garnets (full of inclusions) up to 50 microns occur. Garnets 
* An experiment with an external MH buffer and with less H20 in the sample 
capsule (0.3%) than the saturation level and with no CO2 was carried out at 
p,T conditions _where amphibole was formerly found to be stable (f0 ~ NNO, Green, 1973). No amphibole was found. This result could be interpreted as 
drastic restriction of the amphibole stability field due to f 0 increase (MR 
buffer compared with~ NNO buffer) or to restriction of the am~hibole stability 
field due to higher H20 contents, depressing the solidus to that for PH O = PT. 
Thus, in MR-buffered runs with H20 and CO 2 , any interpretation of chang~s in 
solidus or amphibole stability field would be ambiguous as to whether the 
effects were produced by the presence of CO2, the high f 0 or the higher and 
unknown H20 content. 2 
Table 26: Run Conditions and Results on (pyrolite -40 % ol) 
a) with 5% H20 + 12 % CO (X = .5 MH buffer) 2 H2o 
No p T time Run products identified 
(kb) (oC) hrs. 
6005 10 950 6 ol + arnph +? opx + cpx 
6003 15 950 6 ol +? (run lost co 2 + H2 0) 6009 17 950 6 ol + amph +? opx + cpx 
6001 20 950 6 amph + opx + cpx + dolomite 
6004 25 950 6 amph + opx + cpx + ga + dolomite 
5923 30 950 3 opx + cpx + ga + rutile + magnesite 
5919 30 1000 3 opx + cpx + ga + rutile + magnesite 
5931 30 1050 1 opx + ga + rutile + quench 
6651 45 1100 2 opx + cpx + ga + coesite + magnesite 
6652 45 1150 2 opx + cpx + ga + coesite + magnesite 
6655 45 1200 2 opx + cpx + ga + coesite + magnesite 
6665 45 1250 1 opx + ga + quench 
b) with 9 % H20 + 2.5 % CO2 (X = H2o 
.9, MH buffer) 
5925 30 950 3 ol + opx + cpx + ga +Ti-magnetite+? phlog. 
5921 30 1000 3 ol + opx + cpx + ga +Ti-magnetite+? phlog. 
5932 30 1050 1 opx + ga +Ti-magnetite+ quench 
c) with .3 % H2 0 + 1.4% MgC0 3 (X = H20 
. 5) in Au-capsule 
6672 27 1050 4.5 ol + opx + amph + ga 
7107 25 1100 4.2 ol + opx + cpx + ga + amph + melt r-' 
7102 25 1100 6.5 ol + opx + ga + amph + phlog + melt 0\ l/1 
7103 29 1100 4.5 ol + opx + ga + phlog + melt 
~ 
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in 7103, 7102 and 7107 also are up to 50 microns but with fewer inclusions. 
In these three runs, orthopyroxene, clinopyroxene, olivine and amphibole 
and/or phlogopite form a porous aggregate with orthopyroxene laths up to 
30 microns. Minute grains of carbonates occur in all runs, but it is not 
possible to establish whether they are primary or quench carbonates. 
These experiments show that the presence of CO2 in addition to H2 0 lowers 
the solidus of pyrolite in the 25-29 kb region .relative to the solidus 
temperature for H20 (~0.3% H20) alone. For small amounts of H20 alone 
(<.4% approx.) the stability of amphibole determines the solidus of pyro-
lite (Green, 1973), but with CO2 present also, amphibole is stable above 
the solidus (Fig. 45). The experiments with very small amounts of CO2 and 
with xc02 = xH2
0 = .5, do not greatly modify the mineralogy and form of the 
solidus for mantle pyrolite, but as shown in previous chapters, the nature 
of the melt at temperatures slightly above the solidus is sensitively 
dependent on xC02 , xH20
. However, the melting relationships for vapor 
saturation conditions, xC
02 
= 0, 0.1 and 0.5 are considerably different, 
not in solidus temperature but in subsolidus and above solidus mineralogy. 
The solidus under vapor saturated conditions at pressures~ 30 kb 
falls within the same 50°C temperature interval for xH
2
0 = H20/H20 +CO2= 1, 
~ 20 = .9 and xH2
0 = .5 (Fig. 46 and Table 26; Green, 1973). The subsolidus 
phase relationships are shown by the series of experiments*from 10 kb to 
30 kb at 950°C. The runs at 10 kb and 17 kb, 950°C lie at lower pressures 
than the reaction curve diopside + forsterite + CO2 __:.. enstatite + dolomi te 
...-
and olivine, amphibole, ?orthopyroxene and clinopyroxene coexist with a 
CO2- and H20-rich vapor phase. Olivine is absent at 20 kb, 950°C due to 
the carbonation reaction and amphibole~ orthopyroxene, clinopyroxene and 
dolomite coexist with a vapor phase richer in H20 than that at 17 kb. Garnet 
joins this assemblage between 20 kb and 25 kb and titanomagnetite is present 
also. Amphibole has disappeared at 30 kb, 950°C, rutile appears as a new 
phase, replacing titanomagnetite and magnesite has replaced dolomite as the 
* With X - 5 H20 - . 
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CO2-bearing phase. Magnesite is still stable at 30 kb, 1000°c, but is 
absent at 30 kb, 1050° C. Clinopyroxene also 4isappears between 1000° C and 
1050° C at 30 kb and the grainsize, especially of orthopyroxenes, is markedly 
coarser at 1050°C than at 1000°C. For these reasons, the experiment at 
30 kb, 1050°c is interpreted as an above-solidus run. 
Magnesite is the CO2-bearing phase at subsolidus conditions at 45 
kb also, where it occurs together with garnet, orthopyroxene, clinopyroxene 
and coesite. Phlogopite could not be identified in any of the experiments 
at 45 kb. Coesite may be metastable for reasons similar to those brought 
forward to explain the occurrence of coesite at 30 kb in the simple system 
enstatite + diopside + CO2 (see above) . It is more likely that it is a 
stable phase here, since the composition and the run conditions lie within 
the stability field of magnesite+ Si02, stemming from the reaction 
enstatite +CO2~ magnesite+ Si02 (Wyllie and Huang, 1976). Melt was 
present at 1250°C and magnesite and coesite have disappeared. Thus, for 
x_. = .5, the melting of a garnet websterite with carbonate and, at 45 kb, · 
tt20 
with coesite and magnesite was investigated rather than that of a four-
phase lherzolite . 
High H20 activity lowers the stability of carbonates and for 
x_. - .9 (9% H20, 2 . 5% CO2), no primary carbonate occurs at 30 kb under tt20 -
subsolidus conditions and olivine coexists with clinopyroxene, garnet, 
orthopyroxene, ?phlogopite and titanomagnetite (Table 26). Melting occurs 
also between 1000° C-1050°C and olivine and clinopyroxene are the first 
phases to disappear (Table 26). 
4. Composition of Carbonates 
a) In the system diopside + forsterite + CO 2 . 
Microprobe analyses of carbonates from all runs are given in 
Table 27 and plotted in Fig. 47. Due to their low hardness, carbonates 
do not polish very well in the presence of silicates and it is difficult 
Table 27: 
Starting Mix 
pressure (kb) 
temperature( 0 c) 
Si02 
FeO 
MgO 
CaO 
TOTAL 
Mg 
Ca 
A 
20 
950 
1.0 
-
17.9 
34.9 
53.8 
41.6 
58 . 4 
Chemical Composition of Carbonates in the System Diopside + 
C 
20 
950 
2.7 
-
21.2 
30.1 
54.0 
49.5 
50.5 
A 
25 
950 
. 9 
-
18.9 
31.6 
51.4 
45.3 
54.7 
A 
30 
950 
.8 
-
47.5 
2.6 
50.9 
96.2 
3.8 
B 
30 
950 
2.3 
.2 
46.7 
3.3 
52.5 
95.0 
4.8 
A 
35 
950 
.5 
-
47.6 
2.6 
50.7 
96.2 
3.8 
B 
35 
1100 
.1 
-
22.7 
31.5 
54.3 
50 
50 
B 
38 
1100 
.5 
-
23.9 
27.4 
51.8 
54.8 
45.2 
Forsterite + CO 
Di,MC,Fo 
38 
1100 
.4 
-
19.4 
33.6 
53.4 
44.5 
55.5 
2 
B 
41 
1100 
.6 
-
23.2 
29.2 
53.0 
52.5 
47.5 
B 
41 
1050 
1.2 
. 2 
45.3 
4.5 
51.2 
93.1 
6.7 
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Fig . 47: Compositions of carbonates from experiments in the system diopside + forsterite + CO 2 
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Table 28: 
No 
p(kb) 
T (°C) 
Si02 
Ti0 2 
Al20 3 
FeO 
MgO 
CaO 
Total 
Mg 
Ca 
Fe 
(1) = MnO 
Analyses of Primary and Quench Carbonates in (pyrolite -40 %) + H
2
0 + co
2 
6001 
20 
950 
7.0 
-
1.0 
2.1 
17.9 
30.6 
58.6 
43.7 
53.5 
2.8 
Primary Carbonates 
6004 
25 
950 
3.2 
-
.5 
2.3 
20.1 
27.3 
53. 4 · 
49.0 
47.9 
3.2 
5923 
30 
950 
2.2 
.8 
. . 3 
7.5 
39.9 
2 .3 
53.0 
87.9 
3.6 
9.2 
5919 
30 
1000 
3.1 
.8 
• 3 
8~2 
38.4 
2.7 
53.5 
85.5 
4.3 
10.2 
6652 
45 
1150 
.5 
.2 
. 1 ( 1) 
7.1 
40.2 
3.2 
51.3 
86.4 
5.0 
8.6 
6655 
45 
1200 
.9 
. 1 ( 1) 
.3 
6.9 
41.9 
2.5 
52.6 
88.0 
3.8 
8.2 
Quench Carbonates 
5925 
30 
950 
7.7 
. 3 
6.8 
18.2 
25.1 
58.1 
45.5 
45.0 
9.5 
5932 
30 
1050 
5.1 
1.2 
4.6 
15.2 
24.1 
50.2 
43.3 
49.3 
7.3 
~ 
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to obtain good analyses - slight contamination of the analyses by silicates 
is practically unavoidable. Carbonates show a range in composition in 
individual runs (Fig. 47), also carbonates from reversal experiments do not 
yield identical compositions in two instances (at 20 kb, 950°C and at 38 kb, 
1100°C), whereas carbonates from reversal experiments at 30 kb, 950°C agree 
very well (Table 27 and Fig. 47). It is inferred that these compositional 
variations are due to sluggish reaction rates of the pyroxenes (which did 
not reach equilibrium, but began to approach it - Fig. 44). With reaction 
rates determined by the pyroxene unmixing and homogenization problem, the 
carbonates also only reached local equilibrium with the variable pyroxene 
compositions. The carbonates are compared in Fig. 47 with compositional 
boundaries taken from the largely schematic phase diagrams given by Irving 
and Wyllie (1975) . They plot well within these boundaries except those 
from a run at 20 kb, 950°C with enstatite + diopside + magnesite as 
starting material (Fig. 47). 
b) Carbonate compositions in pyrolite-40% olivine. 
Carbonate analyses from experiments with (pyrolite~40% ol) + 
5% H20 + 12% CO2 are given in Table 28. The small Si02, Ti02 and Al203 
contents stern from the inclusion of silicates in the analysis. Carbonate 
and silicate compositions are very homogeneous and indicate that equilib-
rium was reached during the experiment. Mg-values (Mg/Mg+ Fe 2+) in all 
analysed carbonates are higher than in the coexisting silicates. This is 
demonstrated in Fig. 48, where Mg-values of orthopyroxenes are compared 
with those of carbonates. Quench-carbor1ates can be distinguished from 
primary carbonates on textural grounds (fine-grained aggregates rather than 
large, single crystals) and by their very much lower Mg-values (see Table 
28). 
5. Conclusions 
Compositions lying in the plane enstatite-diopside-magnesite-
dolomite in the system Ca0-MgO-Si02-co2 can occur in three different 
assemblages because of two univariant reactions which are crossed with 
increasing pressure at constant temperature. 
(1) 
(2) 
forsterite + diopside +CO2~ enstatite + dolomite 
ss ss ss ss 
enstatite + dolomite __.:,.. diopside + magnesite . 
ss ss ..._--- ss ss 
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Reaction (1) was reversed at 950°C between 15 kb and 20 kb. These 
values agree well with Eggler's (1975) location of this reaction curve 
over a p , T range (Fig. 49). Eggler (1975) also analysed the phase relation-
ships in the system diopside + forsterite + CO2 by Schreinemaker's methods. 
Reactions · c1) and (2) meet at his invariant point 1 2 at low pressures and 
temperatures . However, since there were no experiments available at that 
time, reaction (2) was arranged in such a way that dolomite remains the 
stable carbonate phase to higher pressures at temperatures above I2· The 
experiments in this study, those on pyrolite-40% + H20 + CO2 (Brey and 
Green, 1976), the work of Kushiro et al . (1975) and the largely theoretical 
treatment of the system CaO-MgO-Si02-C02 by Wyllie and Huang (1976) show 
that magnesite is the stable high pressure phase. Reaction (2) was deter-
mined in this study to occur between 25 kb and 30 kb at 950°C and between 
1050°c and 1100°c at 41 kb. Kushiro et al. 's (1975) determination of this 
reaction differs at low temperatures (900°C) by at least 10 kb (Fig. 49). 
I consider that these workers determined a metastable reaction curve for 
the following reasons: 
a) Kushiro et al.'s (1975) results are inconsistent with the position of 
12 in the treatment of the system diopside + forsterite + CO2 by 
Schreinemaker's analysis presented by Eggler (1975). 
b) Kushiro . et al. 's reaction curve was determined by using enstatite + 
calcite as starting material, an assemblage not stable under any p,T 
conditions investigated and, though more reactive, also more likely to 
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yield metastable products. They did not reverse the reaction curve. This 
is exemplified by their series of runs carried out at 1000°c. An experi-
ment at 40 kb (run conditions in diopside + magnesite field of this study) 
with enstatite + calcite as starting material yielded dolomite+ diopside 
+ enstatite . "Reversal experiments" with diopside + magnesite as starting 
material were carried o~t at lower pressures at 35 and 29 kb and yi~lded 
dolomite+ diopside + enstatite + magnesite (not present at 29 kb). These 
run conditions lie very close to the enstatite + dolomite field of this 
study. "Reversal experiments" at other p,T conditions were carried out in 
a similar manner. One experiment with diopside + magn,23ite as starting 
material, was carried out at 36 kb, 890°C. This p,T condition falls into 
Kushiro . et al. 's (1975) enstatite + dolomite field, but into the diopside 
+ magnesite field of this study. Diopside + magnesite remained unchanged 
during the run and thus the experiments of Kushiro et al. with diopside 
+ magnesite confirm the results of the study presented here. From the 
experiments in the simple system, it is concluded that CO2 can occur in 
carbonates (dolomite at lower pressures and magnesite at higher pressures) 
under subsolidus conditions in the upper mantle. 
The stability of magnesite is increases markedly to higher tempera-
tures in the complex system (pyrolite-40% ol) + 5% H20 + 12% CO2 due to 
the presence of Fe2+ (Fig. 46). The decarbonation reaction dolomite+ 
enstatite ~ diposide + forsterite + CO 2 is apparently. less dependent on 
composition, since it occurs at 950° C within the same pressure range in 
the complex and in the simple systems - (but real pressure differences are 
expected to exist). High H20 activity decreases the stability of carbonates 
and for xH
2
0 = .9 (9% n2o + 2.5% CO2) magnesite is not present below the 
solidus at 30 kb and CO2 must occur in a free, H20-rich vapor phase. 
Both carbonates occur at the H20-undersaturated solidus of pyrolite 
in the presence of small amounts of CO2. Dolomite occurs at pressures 
between the incoming of dolomite due to the carbonation reaction (probably 
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~24 kb at the solidus) and ~30 kb and magnesite from 30 kb to at least 
45 kb . 
The solidi for (pyrolite-40% ol) with excess H20, with 9% H20 + 
2.5% CO2 and with 5% H20 + 12% CO2 all appear to fall within the same 50°C 
temperature interval at pressures~ 30 kb (Fig. 46, Table 26; Green, 1973). 
Note however, that in the experiments with 12% CO2 added, olivine has 
reacted out and it was actuaLly the melting of a garnet websterite + 
magnesite at 30 kb and of a garnet websterite +magnesite+ coesite, which 
was investigated. The solidus of a peridotitic composition is lowered 
drastically by the presence of H2 0 compared to dry conditions and will be 
lowered even further in . the presence of CO2 in addition. However, the 
latter effect is sufficiently small, that it could not be verified in the 
experiments presented here. Owing to the carbonation reactions (see Wyllie 
and Huang, 1976), the presence of large amounts of CO2 is required at 
pressures greater than the reaction diopside + forsterite + CO2 
enstatite + dolomite, if a free CO2-rich vapor phase is to form at sub-
solidus conditions. However, such a CO2-rich vapor phase could no longer 
coexist with a four-phase lherzolite mineralogy, but must react at sub-
solidus conditions to successively de-silicate the ferromagnesian phases 
with increasing pressure and invreasing CO2 content. The mineral sequence 
of "carbonated lherzolite" with increasing pressure and CO2 content is 
amphibole + orthopyroxene + dolomite, garnet+ orthopyroxene + clinopyroxene 
+ magnesite and garnet+ clinopyroxene + coesite + magnesite. 
For most natural conditions however, it is likely that the amounts 
of H20 and CO 2 will be small in the mantle and CO 2 is locked up in carbonates 
at subsolidus conditions. As long as there is more H20 present than can be 
accommodated in phlogopite, the solidus of mantle peridotite in the presence 
of both H20 and CO2 will be close to, but slightly lower than the H20-
saturated solidus at pressures~ 29 kb (Fig. 50). At lower pressures, the 
solidus of pyrolite in the presence of O < H20 ~ .4% is close to or coin-
Fig. 50: Model for possible conditions of origin of olivine 
melilitites (horizontal lines, in the extrapolated 
stability field of dolomite), some olivine nephelinites 
(vertical lines) and kimberlites (dotted area, in the 
stability field of magnesite extrapolated above the 
solidus) . The thick solid line is the inferred solidus 
of pyrolite in the presence of small amounts of co2 
and H2o (less than .4% H20). The solidus for pyrolite 
with less than . 4% H2o is shown for comparison (Green 1973). 
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cides with the breakdown of amphibole. If less H2 0 is a v ailable in the 
upper mantle than can be accommodated in potential amphibole (Green, 1 973) 
then the solidus of mantle peridotite in the 27-30 kb region will have a 
flat negative slope due to the high pressure breakdown of amphibole. 
Melting relations in the simple diopside + forsterite + CO2 system give 
insig~t into the effect of CO2 on the solidus. In this system, diopside 
and forsterit ·e coexist with liquid immediately above the solidus at 
P < 25 kb , but at higher pressures initial melting yields enstatite + 
liquid (Eggler, 1975) . The solidus at 25-30 kb has a similar flat, negative 
slope to that of pyrolite + <.4% H20 (Fig. 50) due to the intersection of 
the solidus with the reaction diopside + forsterite +CO2~ enstatite + 
dolomite . This suggests that there may be a similar influence of CO2 on 
the solidus on pyrolite in the presence of less than .4% H20 and pressures 
where amphibole is stable . Our experiments with the appropriate amounts 
of H20 (0 . 3%) confirm this . Amphibole is stable under similar conditions 
to those at which it was found in earlier work (Green, 1973), but contrary 
to the former experiments with H20 alone, textures clearly indicate the 
presence of a melt at 1100°C (25-29 kb). Thus, we suggest a position of 
the solidus of pyrolite under vapor-undersaturated cond'itions as shown in 
Figs . 45 and 50 . The inferred solidus has a pronounced negative slope 
between about 20 kb and 30 kb and closely approaches the amphibole break-
down curve at lower pressures, where CO2-vapor can exist with olivine. 
The character of melting of pyrolite in the presence of CO 2 and 
H20 can be observed in the experiments at 30 kb with 9% H20 and 2.5% CO2 
added (Table 26). Carbonate is not stable below the solidus due to the 
high H20 activity and olivine, orthopyroxene, clinopyroxene, garnet and 
titanomagnetite coexist (Table 26). In the run above the solidus at 1 0 50 °C , 
orthopyroxene, garnet, titanomagnetite, liquid and vapor phas e co ex i s t 
and olivine and clinopyroxene have disappeared. If the melting beha v i our 
of the simple system diopside + forsterite + CO 2 (Eg g l e r, 1975) c an be 
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applied to the complex pyrolite system and if garnet is taken into account 
due to the presence of Al, a reaction may occur during the melting in the 
following manner: 
olivine+ clinopyroxene + H20 + CO2 (melt+ H20 +CO2)+ orthopyroxene 
+ garnet. 
The composition of the melt will be highly undersaturated, especially 
with respect to larnite (monticellite). 
6. Discussion 
There is disagreement in recent literature on the degree of 
silica-undersaturation of the melt produced in model peridotite compositions 
at high pressures in the presence of CO2 (Eggler, 1975; Wyllie and Huang, 
1976). Eggler (1975) tried to narrow down the composition of the first 
liquid in the sys tem diopside + forsterite + CO2 experimentally and found 
it to model a Ca-rich olivine melilitite with up to 20% CO2 dissolved. 
Wyllie and Huang (1976) deduced largely theoretically that the intial melt 
in this system should be very silica-poor and broadly a carbonatitic compo-
sition with 40% CO2 dissolved. They inferred that this liquid changes with 
increasing temperature to a kioberlitic melt (Wyllie and Huang appear to 
use the terms kimberlite and olivine melilitites synonymously or almost so) 
and eventually to a basaltic composition. Both approaches are based to a 
certain degree on extrapolations and the truth may lie somewhere between 
the two views. Both agree that the compositions are rather Cao and MgO-rich, 
can dissolve high amounts of CO2 and become less silica-undersaturated with 
increasing degree of partial melting . 
Experiments obviously do not unambiguously establish the exact 
nature of the melts derived by low degrees of partial melting of a perido-
titic composition in the presence of CO 2 , (and H20). Compositions of 
natural magmas may help to evaluate the likely situation. The most under-
saturated primary basaltic compositions are found in the olivine melilitites 
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in South Africa. The data in the previous chapter show that these ollvine 
melilitites can be derived by partial melting from a peridotitic source 
in the presence of both H20 and CO2, if the depth of magma segregation is 
about 35 kb at a temperature of 1120-1150° C. The less undersaturated 
olivine melilitite 2927 probably segregated at about 27-30 kb and 1150-
11800C also in the presence of both li20 and CO2 (Chapter V). These condi-
tions lie within the (extrapolated above the solidus) stability field of 
dolomite (Fig. 50). If we consider very small degrees of melting, i.e., 
insufficient to eliminate any of the four phases olivine, orthopyroxene, 
clinopyroxene or garnet, then the nature of the subsolidus carbonate phase 
may strongly influence the nature of the melt. The carbonate phase 
disappears on melting, even at very low degrees of melting and it is 
inferred that the CaO/MgO ratio of the melt may closely reflect the Ca.0/ 
MgO ratio of the subsolidus carbonate. On the other hand, the degree of 
undersaturation and the CaO + MgO/Si02 is directly proportional to amounts 
of CO2 present and degree of partial melting. Also CaO/Al203 and CaO/ 
Na20 are directly related to amount of CO2 and degree of partial melting. 
It is suggested in Chapter II that kimberlites are very similar 
to the most undersaturated olivine melilitites, e.g., with respect to 
(Cao+ MgO)/Si0 2 , but that MgO/CaO is about four times higher in kimberlites. 
If the previous sugges ~ion 1s accepted, that CaO/MgO of an initial melt 
reflects the CaO/MgO ratio of the subsolidus carbonate and that olivine 
melilitites originate in the (extrapolated above the solidus) stability 
field of dolomite, the high MgO/CaO of kimberlites suggest that they come 
from higher pressures in the stability field of magnesite (Fig. 50). 
Magnesite is stable at the solidus of pyrolite at pressures> 30 kb, but 
the (extrapolated) dolomite field is reached within a narrow temperature 
interval above the solidus (Fig. 50). According to this hypothesis, 
kimberlites can be generated at pressures> 30 kb, but only within a narrow 
field immediately above the solidus. Thus, they may represent only very 
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small 'degrees of partial melt, which is in agreement with REE and trace-
element data (e.g., Fesq et al., 1975; Kable et al., 1975; Mitchell and 
Brunfelt, 1975). Non-diamondiferous kimberlites like those occurring 
together with highly undersaturated olivine melilitites and porphyritic 
monticellite peridotites in the Bushmanland and Gibeon province (Cornelis-
sen and Verwoerd, 1975; Janse, 1975) come from depths less than the 
graphite-diamond transition (Fig. 50) and diamond-bearing kimberlites from 
greater depths. 
Diamonds in kimberlites have mineral inclusions of supposed 
syngenetic origin. Two suites of mineral inclusions are distinguished 
(Prinz et al., 1975): 
a) a garnet lherzolite assemblage with a pyrope-knorringite garnet, 
) ' 
diopside-orthopyroxene intergrowths (= exsolved subcalcic diopside)h ortho-
pyroxene, olivine and chromite; 
b) an eclogite assemblage with a pyrope-grossular-almandine garnet, 
omphacite, kyanite, rutile, magnetite and phlogopite. 
The kyanites are Cr-rich and may represent a link between the 
eclogitic assemblage and tbe garnet lherzolite assemblage with high Cr-
garnets. In addition, ilmenite, zircon, quartz and coesite occur as inclu-
sions (Meyer and Suisero, 1975). It is suggested herein that these differ-
ent assemblages may have originated from sources of similar chemical compo-
sition (peridotitic)but with widely varying CO2 contents. Due to carbona-
tion reactions (Wyllie and Huang, 1976), increasing amounts of CO2 in a 
peridotitic composition will react out olivine and clinopyroxene in the 
stability field of dolomite and yield an assemblage with garnet, ortho-
pyroxene, dolomite and rutile (ilmenite or titanomagnetite are not stable 
to high CO2 contents - see Table 26) . In the stability field of magnesite, 
olivine and orthopyroxene are reacted out and garnet, clinopyroxene, magne-
site and rutile form a stable assemblage. For higher CO2-contents, coesite 
joins this assemblage. Thus, diamonds growing in a relatively CO2-poor 
surrounding (magma?) will include the ?coprecipitating phases olivine, 
orthopyroxene, clinopyroxene and garnet. In contrast, predominantly 
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garnet and clinopyroxene - the eclogitic assemblage - will be included in 
diamonds in the presence of larger amounts of CO2. Eclogite and garnet 
websterite nodules in kimberlites may be explained in a similar fashion 
by carbonation reactions - they come from a source rich in CO2. It is 
recognised that this is an oversimplification, e.g. many eclogites have 
higher .Fe/Mg, lower Cr, low Ni/Mg, etc. implying a geochemically distinct 
origin from the lherzolites. However, it is emphasised that high CO2 
contents and resulting carbonation reactions are an effective way of 
eliminating olivine. 
If no H20 is present, free CO2 and diamond can only coexist along 
a univariant phase boundary in a T-f
02 
space (Rhyabchikov, 1976). If the 
CO2 is dissolved in a melt as coi- or in a complex fluid phase then this 
boundary widens to a divariant field. Thus, a complex fluid phase con-
taining H20, CH4, CO2, etc. and diamond can coexist over a wider range 
of f 0 (Rhyabchikov, 1976, in prep.). Similarly a vapor-undersaturated 2 
melt containing OH- and CO%- can coexist with, i.e., precipitate diamond 
over a range of f
02 
conditions. 
Gaseous inclusions in diamonds are complex and variable in compo-
sitions but relative abundances of the various species (H20 > H2> N2 >CO2> 
CH4> CO> argon and more complex C,H species) are the same in diamonds from 
Africa, Brazil and Arkansas (Melton and Giardine, 1974 and 1975). In con-
trast, fluid inclusions in olivines and other silicates from ultramafic 
nodules consist almost solely of CO2. It has been shown (Newton and Sharp, 
1975) that CO2 _cannot coexist with olivine under normal mantle conditions. 
Free CO2 can only coexist with oliivne at abnormally high temperatures and 
low pressures such as occur in high temperature magmatic processes (see 
also Eggler, 1975; Wyllie and Huang, 1976). Free CO 2 , if primary, in 
diamonds also poses a problem since large quantities of CO 2 are required, 
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to obtain a free CO 2-vapor phase (see above). In the light of the r ecent 
established carbonation reaction, the limited stability of free CO2 in the 
mantle and the significantly different fluid compositions in inclusions 
in olivine and diamond , make the restudy and reinterpretation of fluid 
inclusions in silicates a wide open field. 
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CHAPTER VIII 
SUMMARY AND FINAL CONCLUSIONS 
Olivine melilitites (= larnite normative mafic rocks with model 
olivine and melilite) have a range in composition which varies systematical-
ly with the geological setting. All occurrences are in areas of tensional 
faulting, but appear to intrude subsequent to rather than contemporaneous 
with major deformation movements (rifting). The· chemical composition 
appears to be dependent on the intensity of the rifting and to vary with 
increasing distance from the rift zone. This aspect of the petrogenesis 
of olivine melilitites is briefly discussed in the following paragraphs. 
Volcanic vents of the Honolulu series are aligned along trends 
roughly perpendicular to the axis of the Hawaiian island chain and parallel 
to a set of minor tensional fractures (Jackson and Wright, 1970). 
Hawaiian olivine melilitites are the least undersaturated (i.e., highest 
normative diopsi.de and lowest normative olivine and larnite) of the 
melilitites considered in this study. In the Rhinegraben system there is 
evidence for a pattern of magmatic activity in which the most under-
saturated magmas lie furthest from the main graben structure and in regions 
of lesser tectonic disturbance. The volcanics of the Schwabische Alb 
(Urach volcanic district) are the most undersaturated compositions in 
this area and occur furthest away from the Rhinegraben. Olivi ne 
nephelinites occur nearest to the Rhinegraben in the southern, main part 
of the system (Wimmenauer, 1974) and a carbonatite complex (Kaiserstuhl) 
with spinel lherzolite nodule bearing olivine nephelinite occurs in the 
centre of the graben. If the western coast-line of South Africa is 
viewed as a rifted coast-line, then similar relationships appear to hold 
in this area where the least undersaturated olivine melilitites occur 
closest to the coast and the degree of undersaturation increases to the 
east and northeast. The most undersaturated olivine melilitites (and 
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porphyritic rnonticellite peridotites) are joined eventually by non-
diamondiferous kirnberlites and only diamond-bearing kimberlites occur 
further to the east . These systematics may be related to increasing 
thickness of lithosphere and increasing depth to the LVZ from the typical 
oceanic situation on the west to the thick lithosphere and deep, indistinct 
LVZ of the South African shield. If so, the systematic changes in compo-
sition may be interpreted as increasing depth of orig~1 correlating with 
increasing degree of undersaturation (i.e., increasing normative olivine 
and larnite) . The simultaneous increase (?stepwise) of the ages of the 
volcanics from west to east in southern Africa suggests additional 
controlling geological factors must be considered in any comprehensive 
model of the origin of these rocks. 
Experiments show that the presence of both H20 and CO2 is required 
in order that olivine melilitites can be derived as equilibrium partial 
melting products from a peridotitic source. Olivine melilitite 2927 
represents about 5% melt (Frey et al., 1976, submitted for publication) 
and originates at about 27 kb, 1160° C with 7-8% H20 and 6-7% CO 2 dissolved 
in the melt (Chapter V). Olivine melilitites like those from South Africa 
(Saltpetre Kap, Sutherland) come from greater depths (Chapter VI) in the 
presence of higher amounts of CO2 and/or lower degrees of partial melting. 
All olivine melilitites originate in the stability field of dolomite (as 
extrapolated above the solidus of pyrolite +CO2+ H20). Magnesit e is 
the stable subsolidus carbonate phase at higher pressures and kimberlites 
may be partial melting produces of a peridotitic source in the stability 
field of magnesite (extrapolated above the solidus). This relationship is 
only possible very close to the solidus at P > 30-35 kb. 
CO2 occurs in the mantle under normal conditions in carbonates 
(dolomite at lower and magnesite at higher pressures) under subsolidus 
conditions and dissolved in a melt above the solidus. It can occur as a 
free vapor phase only under extreme conditions (very high CO2 concentration 
levels at high pressures, or high temperatures at low pressure, i.e., 
perturbed thermal conditions lying well above estimated mean geothermal 
gradients). 
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CO2 is dissolved in silicate liquids as the CO~- molecule. Its 
solubility increases with increasing pressure, increasing~ 0 and increasing 2 
CaO + (MgO) + Na20 + K20/Si02 + Al203 in the melt. It decreases with 
increasing temperature. The effect of the CO~- molecule on bonding and 
activity of various components in silicate melts is very great and a 
fertile field for further study. The work presented in this thesis shows 
that CO2 suppresses the activity of olivine in the melt and increases 
that of orthopyroxene and garnet . The complete miscibility of silicate and 
carbonate melts at pressures~ 5 kb denies a mantle origin of carbonatites 
by liquid irrnniscibility (silicate and carbonatite liquids). Carbonatites 
may originate at lower pressures either by liquid immiscibility or by 
extreme crystal fractionation or as precipitates from a fluid phase. t 
APPENDIX 
QUANTITATIVE CO2 DETERMINATION - A COMPARISON BETWEEN 
THE c14 METHOD AND GASCHROMATOGRAPHY 
18 9 
Published data (Brey and Green, 1976; Brey, 1976; Mysen et al . , 
1975 and 1976) made it obvious that gaschromatography and the c1 4 method 
gave different answers for CO2-solubility determinations on quench 
products from .runs at similar p,T conditions and with similar compositions. 
Thus, B. 0. Mysen proposed a direct comparison of the two methods on run 
products obtained at 30 kb and from 1450-1700° C. Mysen prepared a c14 
doped starting mix (OM 1-2) for this purpose. OM 1-2 (38.1% Si02 , 2.7% 
Ti02, 9.1% Al203, 14.9% FeO, 1.3% MnO, 15.2% MgO, 12.5% CaO, 3.4% Na20, 
1.3% K20 and 1.2% P205) is similar to OM 1 and olivine melilitite 2927, 
but has higher MnO and FeO contents. 
Runs with the same starting material OM 1-2, spiked with c14 , were 
carried out at ANU and the Geophysical Laboratory and both sets analysed 
in both laboratories by their favoured methods. In addition, one experi-
ment was carried out by J. G. Akella at Houston at 30 kb and 1450°C and 
analysed also in both laboratories. 
Run conditions and run products are given in Table 29 together 
\vi t h the analytical results. The runs carried out at the Geophysical 
Laboratory quenched. to glass over the whole temperature range (with small 
amounts of quench carbonates increasing with increasing temperature). 
Clear glasses virtually free of quench crystals were obtained at ANU at 
1450° C and 1520°C, but those at 1600°C and 1700°C show a considerable 
amount of quench carbonate. 
The analytical results are plotted in Fig. 51 as a f unction of 
temperature. Irrespective of the source of the glasses and the presence 
or absence of quench phases, the results obtained by gaschromatography 
agree well within the analytical error with those obtained by Brey (1976). 
TABLE 29 . CO2 SOLUBILITIES AT 30 kb AS DETERMINED BY GASCHROMATOGRAPHY AND THE cl4 METHOD . 
No. T° C Time Run products cl 4-distribution % CO2 % H20 % CO2 
(Mysen) 
gaschromatography cl4 
6283 1450 15 brown, clear glass homogeneous 9.3 - 7.12±.14 
10.4 .4 
<1% quench carb. 11.0 . 9 
7001 1450 15 · as 6283; this run was repeated, since 8.9 . 5 
contamination by organic substances 9.3 . 6 
during the CO2 analyses was suspected 8.9 . 5 
6284 1520 10 see 6283 I slightly heterogeneous 9.4 - 4.4±.2 
9.6 
6285 1600 7 abundant bubbles, I heterogeneous 8.5 .4 4.9±.7 
quench carb . increasing I 8.6 
-
3.9±.1 
6286 1700 5 abundant quench I very heterogeneous 7.6 - 2.7±.3 
7.9 - 3.0±.1 
568 1450 15 brown, clear glass, I 9.7 - 3.6±.1 
<1% quench carb. 
570 1500 15 dto 10.2 - 4.4±.1 
572 1600 10 dto 9.5 . 6 5.4±.2 
9.6 
573 1700 5 dto I 8.7 .5 6.1±.2 
Runs 6283 .... 6286 carried out at ANU. 
Runs 568 .... 573 carried out at Geophysical Laboratory. 
Kleeman 
counts x 10 5 /mm2 
2.5±.08 
2.29±.07 
2.57±.08 
2.51± . 08 
2.21±.07 
2 . 28±.07 
2.47±.08 
2.38±0.8 
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Fig. 52: Count rates (beta-track intensitie s) in OM 1-2 
as determined by J. Kleeman. Length of bar 
indicates 1 standard deviation. 
The slightly higher CO2-solubilities obtained on runs carried out at the 
Geophysical Laboratory are probably due to an actual pressure difference 
because of the different convention of pressure correction used (ANU 
piston-in , -10% friction correction; Geophysical Labora tory, piston-out, 
no friction correction). 
The c14 method yields different results on runs from different 
laboratories and those at high temperatures carried out at ANU probably 
are the least suitable for the c14 method because of possible inhomogeneity 
in c14 resulting from quench crystallization. However, the 1450°C run 
yielded a clear glass with a very homogeneous c14 distribution and gave a 
very different CO2-content to that of a run carried out at the Geophysical 
Laboratory under similar p,T conditions . Since agreement could not be 
reached between the two laboratories, C. Moore from the State University 
of Arizona was asked to analyse run products from both laboratories by . 
gaschromatography. J. Kleeman, University of New England, Armidale was 
asked to do beta-track counting on samples from both laboratories and com-
pare relative track intensities. His results are given in Fig. 52 and 
Table 29. Contrary to Mysen, J . Kleeman finds thar. the track density is 
not more inhomogeneous in the experiments at 1600 and 1700° C carried out 
at ANU than in any other runs. He concludes that the data are indis-
tinguishable*from run to run and are inconsistent with Mysen's CO2 -
determinations , but consistent with the results obtained by gaschromatography . 
Standards with a known c14 radiation activity were not available to 
Kleeman so that he could only compare the relative intensities. But note 
that the intensities do not differ by a factor >2 as it is implied by 
Mysen's CO 2 values (his count rates were not available to me so tha t a 
direct comparison cannot be made). The c1 4 method gives different results 
on experiments from different laboratories and also, when dif fer ent 
scientists do the counting. The results from C. Moore may help t o r e s olve 
* (within a 3a confidence level) 
194 
the disagreements in data but at the present stage of the project, there 
are grounds for confidence in the gaschromatographic method of CO2 
determination and unsolved problems in the c14 method. 
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